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While age-related sex chromosomal aneuploidy is a well-characterized phenomenon, the 
relationship between autosomal loss and age remains unclear. The emergence of the specific and 
highly sensitive fluorescence in situ hybridization (FISH) technology has enabled investigators 
to study interphase cells, thereby overcoming problems inherent with the study of metaphase 
spreads for acquired aneuploidy assessment. Despite all the advantages of this technique, there 
are some limitations that could be misleading when scoring interphase autosomal aneuploidy.  
In this study we show that sex chromosomal hypoploidy is correlated with age. By using 
a twin study design, we evaluated Y chromosome hypoploidy frequencies and found that loss of 
	   ix	  
the Y chromosome is likely to be a multifactorial phenotype, being influenced by both genetic 
and environmental factors.  
An analysis of acquired aneuploidy frequencies for 13 autosomes in men showed that 
only one autosome, chromosome 3, had an age-related increase in acquired aberrations levels. 
Using a multi-probe study design, we determined that an apparent loss of fluorescent signal(s) 
could result from the coincident positioning (overlaying) of the repeat sequences targeted by the 
probes (due to either somatic homolog pairing or aggregation of the heterochromatic regions). 
Therefore, caution should be taken when performing autosomal FISH analysis to avoid 
overestimation of autosomal aneuploidy in uncultured leukocytes.    
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Chapter 1 
 
 
Literature review 
 
 
Aging 
 
Aging is a universal process that happens to all living organisms. It is characterized by a 
declining ability to function normally and an increased risk of developing diseases. This process 
ends up by an inevitable event, which is death. At the cellular level, it is characterized by the 
accumulation of changes in cells over time. These changes include cellular morphological 
changes, DNA mutations, telomere attrition, epigenetic changes, acquired chromosomal 
abnormalities, as well as a declined efficiency in repairing processes and deregulation of 
apoptosis. Among these changes, acquired chromosomal aneuploidy is one of the earliest 
documented age-related alterations.   
In humans, the rate at which an individual ages, differs from one person to another and is 
not strictly determined by an individual’s chronological age. The factors that contribute to 
individual-specific differences are yet not fully understood. Are they genetically programmed, 
environmentally influenced, or both? To what extent does each factor contribute to the aging 
process? Twin studies are very powerful in answering these types of questions. A comparison of 
the variation in trait attributes in MZ twin pairs to that of DZ twin pairs enable one to estimate the 
environmental/genetic effects on the condition being studied. Here, we review what is currently 
known about age-related aneuploidy with special emphasis on hypoploidy/hyperploidy, 
sex/autosomal aneuploidy, mechanisms of aneuploidy, and causes of aneuploidy. In addition, we 
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review the factors that could contribute to or influence acquiring age-associated chromosomal 
aneuploidy, and the uses of twin studies in order to understand the contribution of the genetic/ 
environmental effects.  
 
Aneuploidy in aged individuals 
Chromosomal aberrations are one of the earliest documented age-related alterations in 
humans (Jacobs et al., 1961). As a result, cytogenetic analyses could be very useful as a detector 
of the earliest stages of accumulated damage resulting from aging.  In the human species, all 
normal somatic cells contain 46 chromosomes. Any deviation from this number, that is not a 
multiple of the haploid number, is identified as aneuploidy. Chromosomal aneuploidy could be 
either constitutional or acquired. Constitutional chromosomal aneuploidy arises when 
chromosomes fail to segregate correctly during meiosis in the gametes. In contrast, acquired 
chromosomal aneuploidy happens as a result of mitosis errors that can occur any time after birth 
and throughout the lifespan of the individual.   
Acquired chromosomal aneuploidy is a common feature of cancer, but can also be found 
in apparently normal individuals. Age-related acquired chromosomal aneuploidy has been first 
described in cultured lymphocytes by Jacobs, et al (1961), who examined a total of 50 males and 
47 females ranged in age from 5 months to 82 years. The rate of increase with age has been 
shown to be greater for hypoploidy than for hyperploidy.   
 
 
 
  
	   3	  
 
Sex chromosome aneuploidy 
Metaphase analysis 
In 1963 Jacobs et al further characterized the basis of age-related chromosomal 
aneuploidy in cultured human lymphocytes. In these early, pre-banding studies, hypoploidy was 
noted to occur more frequently than hyperploidy, with women having preferentially losses 
involving a C-group chromosome, while in men a G-group chromosome was lost. It was 
suggested that the C-group chromosome was the X chromosome, while the G-group chromosome 
was the Y chromosome (Jacobs et al., 1963). These investigators noted that it was not clear if 
there was a special liability for cells to lose a sex chromosome, or if all chromosomes were liable 
to be involved, but that the cells acquiring an abnormal number of autosomes were at a selective 
disadvantage and failed to survive (or possibly both scenarios occurring together) (Jacobs et al., 
1963).  
Since that seminal study, the relationship between increased hypoploidy and age in 
metaphase spreads from females has been confirmed by several investigators (Hamerton et 
al.,1965; Sandberg et al., 1967; Cadotte & Fraser., 1970; Jarvik & Kato., 1970; Nielsen., 1970). 
In contrast, an association between hypoploidy and aging in cultured lymphocytes of males has 
been less clear but has been observed (Jacobs et al., 1963; Hamerton et al., 1965). An age-related 
loss of the Y chromosome from cultured lymphocyte cells of healthy elderly male twins has been 
reported (Pierre and Hoagland., 1971). However, the relationship between Y chromsome 
hypoploidy and age was more evident in metaphases prepared from bone marrow samples of 
elderly males. Bone marrow Y chromosome hypoploidy was first described in older males by 
O’Riordan et al. (1970) and Secker-Walker (1970).  In both studies investigators showed that 
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about 9% of men ages 60-70 years had Y chromosomal loss. In 1972, Pierre and Hoagland found 
that only males older than 40 years had Y chromosome hypoploidy in their bone marrow samples. 
The frequency of Y chromosomal loss was found to be approximately 10% for men between 40-
50 years, 20-30% for men between 60-80 years, and 75% for men over 80 years. Subsequently, 
Sakura and Sandberg (1976) conducted a large study and showed that an increased frequency of 
Y chromosome loss occurred only in males over 50 years with a frequency of about 8% 
(Reviewed in Stone and Sandberg 1995). 
About fifteen years following the first observation reported by Jacobs et al (1961), the 
application of Giemsa-banding to metaphase spreads allowed for the identification of all 
chromosomes.  Therefore, the identity of the lost chromosomes could be unequivocally 
established. The X chromosome was confirmed to be the most frequently lost chromosome in 
females, while the Y chromosome was predominantly lost in males. (Fitzgerald., 1975; Fitzgerald 
and McEwan., 1977; Galloway and Buckton., 1978).  Galloway and Buckton (1978) observed an 
age and sex effect on hypoploidy frequency, noting its occurrence was more frequent in females 
than in males and especially after the age of 60 years. In 1990, Nowinski et al, showed that sex 
chromosome gain was significantly more frequent in women than in men. Furthermore, it was 
shown that X chromosome loss was significantly more frequent than autosomal loss when G-
banding (Galloway and Buckton., 1978; Martin et al., 1980; Nowinski et al., 1990) or R-banding  
(Richard et al., 1993) techniques were utilized. It is important to mention that these X 
chromosome aneuploidy studies were performed using cultured lymphocytes and that this 
phenomenon may not be generalizable to other tissues. Indeed, X chromosome aneuploidy was 
not observed in bone marrow metaphase cells obtained from healthy elderly females (Sandberg., 
1990), unlike Y chromosome aneuploidy, which was observed in bone marrow chromosomes of 
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healthy elderly males (O’Riordan et al., 1970; Secker-Walker 1970; Pierre and Hoagland.,1972;  
Sakurai and Sandberg., 1976; United Kingdom Cancer Cytogenetics Group., 1992; Reviewed by 
Stone and  Sandberg., 1995). 
In 2007, Russell et al produced a reference graph to facilitate the interpretation of results 
when X chromosome hypoploidy was observed in routine cytogenetic analyses.  In this study they 
also compared the frequency of X chromosome loss in women who had at least one spontaneous 
abortion with that of women who were referred for other reasons. No differences were observed 
between the two groups. Therefore, they concluded that X chromosome hypoploidy observed in 
lymphocyte metaphase spreads is not associated with pregnancy loss  (Russell et al., 2007).  
 
Interphase analysis 
Following the development of molecular cytogenetic techniques, it became possible to 
perform more studies on cultured, or even on uncultured, interphase cells. Guttenbach et al 
(1995), used fluorescence in situ hybridization (FISH) to overcome some of the limitations of all 
the previous metaphase studies by applying chromosome-specific FISH probes to cultured 
lymphocyte interphase nuclei. This method enabled them to score a large number of cells per 
individual and in considerably much less time.  Also, the possibility of the artificial loss of 
chromosomes resulting from breakage during the preparations of metaphase spreads (technical 
artifact) could be eliminated. This study was performed on both males and females with an age 
range of 1 wk to 93 years and used probes for chromosomes X and Y. The correlation between 
age and X chromosome loss in females, and between age and Y chromosome loss in males was 
confirmed. Furthermore, X chromosome loss in women was shown to be  significantly greater 
than the Y chromosome loss  in men.   
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In all the previous studies using metaphase chromosomes and cultured interphases, 
phytohemagglutinin (PHA) was added as a mitogen to allow for the in vitro study of human 
lymphocytes. To determine if the frequency of unstimulated cells varied from that of stimulated 
cells, Mukherjee et al., (1996) utilized chromosome-specific probes to analyze the frequency of 
aneuploidy in 3 types of uncultured differentiated leukocyte interphase nuclei (promyelocyte, 
metamyelocyte and polymorphonuclear leukocyte). These cells were obtained from 3 young 
males, 3 old males, 3 young females, and 3 old females. Seven chromosomes were evaluated for 
aneuploidy, including 5 autosomes (1, 2, 3, 4, and 6), as well as chromosomes X and Y. No 
significant differences in the mean percentage of nuclei with aneuploidy (hypoploidy and 
hyperploidy) were noted between the three cell types. They observed a trend of increasing 
frequency of sex-chromosomal aneuploidy with age in both males and female. However, a 
significant increase in frequencies of overall hypoploidy was observed only when all the 
chromosomes under investigation were pooled together and was mainly attributed to the loss of 
the X chromosome and to the loss of autosome 1. Catalan et al (2000) compared X chromosome 
aneuploidy levels in both cultured and uncultured T-lymphocytes. No significant differences in 
aneuploidy were observed as a result of culturing conditions. In both sets, hypoploidy frequencies 
of the X chromosome were significantly higher than hyperploidy frequencies.  
A recent study was performed to investigate the rate of X chromosome aneuploidy in 
young fertile women in cultured and uncultured cells using FISH (Patton et al., 2010). All 
participants had less than 5% loss frequencies in both cultured and uncultured preparations, but 
the frequency of X chromosome aneuploidy was significantly higher in the cultured preparations, 
with a mean of 2.1% compared to the uncultured preparations, which had a mean level of 0.9% 
(p<.001).  
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Micronuclei analysis 
Studies of age-dependent aneuploidy have not been limited to investigating blood 
metaphases and interphase cells, but have also involved studies of micronuclei.  Micronuclei 
(MN) are thought to form as a result of chromosome lagging at anaphase. They contain either 
whole chromosomes or chromosomal fragments that are not incorporated in the daughter nuclei at 
the completion of mitosis. 
Similar to aneuploidy, an age-dependent increase in the rate of MN has been observed and 
has been first demonstrated by Fenech and Morley., (1985). Subsequently, these investigators 
developed the cytokinesis-block micronucleus assay (1987) using cytochalasin-B exposure, 
which prevents the cells from completing telophase. This method enabled scoring of MN 
frequency in binucleated cells that completed one nuclear division following mitotic stimulation  
(Fenech and Morley., 1987), thereby reducing in vitro culturing effects on observed aneuploidy 
frequencies. Ford et al (1988) proposed the hypothesis of chromosome elimination by 
micronucleation as a mechanism of hypoploidy. An age-dependent increase of MN was shown to 
occur more frequently in women than in men. (Scarfi et al., 1990; Tomanin et al., 1991; Hogstedt 
et al., 1991; Au et al., 1991; Migliore et al., 1991). 
 In the earliest studies of MN, CREST antikinetochore antibodies were used to infer the 
presence of chromosomes in MN and to distinguish between the presence of one whole 
chromosome, more than one chromosome, or chromosomal fragments (Hennig et al., 1988; 
Degrassi and Tanzarella., 1988; Eastmond and Tucker., 1989a,b; Antoccia et al., 1991). Later, the 
relationship between X chromosomal loss and MN formation was demonstrated using X 
chromosome-specific FISH probes applied on MN and metaphases of female lymphocytes after 
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treatment by colcemid (Richard et al., 1994) or applied on MN formed in female binucleated 
lymphocytes following the use of cytochalsin-B  (Hando et al., 1994). Both studies demonstrated 
an increase in the frequency of X chromosome positive MN with age and showed that the 
contribution of the X chromosomes in MN formation was observed in frequencies that exceed 
what would be expected to occur by chance alone. In addition, Y chromosome positive 
micronuclei were also shown to increase with age in males (Nath et al., 1995). Both X and Y 
chromosome micronucleation assays were further investigated in males by Catalan et al (1998). 
These investigators found X chromosome micronucleation to be over-represented in the MN of 
men in all age groups, while Y chromosome micronucleation was over-represented in older males 
only. When women were compared to men, the frequency of X chromosome micronucleation was 
much higher in women than in men and exceeded the frequencies observed for Y chromosome 
micronucleation in men (Catalan et al., 1998). This observation may explain why the overall 
frequency of MNs is higher in females than in males.  
In 2001, Leach and Jackson-Cook utilized the application of spectral karyotyping (SKY) 
technology to identify the chromosomal content of MNs from three females of varying ages. This 
application showed that MN could contain any of the 23 chromosomes, but that the X 
chromosome was most frequently present in the micronuclei.  
 
Other Tissues 
In addition to leukocyte and bone marrow studies, an increase in the frequency of acquired 
aneuploidy has also been investigated in human fibroblast tissues. Studies have been performed 
on metaphase chromosomes (Saksela and Moorhead., 1963; Littlefield and Mailhes., 1975; 
Thompson and Holliday., 1975; Benn., 1976), interphase cells from in vitro aged human 
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fibroblasts (Mukherjee and Wallace., 1990, Mukherjee et al., 1995), and in vivo aged human 
fibroblast interphases (Mukherjee et al 1997). A six-year longitudinal study has been performed 
by Mukherjee et al (1997), in order to study the effect of in vivo aging on chromosome-specific 
aneuploidy frequencies in human fibroblast interphase nuclei and metaphase spreads. Both 
chromosome-specific FISH and GTG-banding methods were used in this study. The frequency of 
aneuploidy in interphase cells was shown to be significantly higher than in metaphase cells. These 
investigators hypothesized that this difference was explained by selection, with aberrant cells 
being unable to successfully complete cell divisions to successfully reach the point of mitosis. A 
trend of an increase in the mean percentages of total aneuploidy with advancing age was also 
shown.  
Age-related aneuploidy has also been investigated in human vascular endothelium using 
metaphase (Nicholas et al., 1987) or interphase FISH (Aviv et al., 2001) approaches.  Aviv et al 
(2001) showed that in men, Y- chromosome loss correlates significantly with advancing age. 
Both X chromosome gain and Y chromosome gain were observed in males, but were not 
correlated with age. However, in women, neither hypoploidy nor hyperploidy of the X 
chromosome was shown to be correlated with age (Aviv et al., 2001). 
 
Loss of the inactive X 
It has been hypothesized that the X chromosome that is lost in females is the inactive X 
(Xi). BrdU pulse treatments have been used to label the late replicating Xi in metaphase cells 
(Willard and Latt., 1976; Abruzzo et al., 1985). Abruzzo et al (1985) showed that the X 
chromosome that is lost or gained in metaphases from older females is mostly the late replicating 
Xi chromosome. Using a different strategy, Tucker et al (1996) tested this hypothesis by studying 
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two unrelated females who carried different reciprocal translocations involving chromosomes X 
and 9. For both females, the derivative X chromosome (which also contained chromatin from 
chromosome 9) was active while the normal X was inactive. A micronucleus assay was 
performed and testing of the kinetochore status of MNs was done, followed by the use of whole 
chromosome painting probe for chromosomes –X and FISH probe for chromosome 9. The 
presence of X chromosome signal (in 44.2% of MN) and the absence of chromosome 9 signals in 
the MN scored was inferred to indicate that the structurally normal inactive-X was preferentially 
incorporated. Of the MN having X chromatin, 83.3% contained the inactive X. The results of this 
study were in agreement with the hypothesis of the age-related preferentially loss of the inactive-
X in women lymphocytes.  However, studies performed on males and on individuals having 
Turner syndrome, the latter of whom have only one active X chromosome, showed that they also 
loose their X by micronucleation (Hando et al., 1997), albeit at a ten-fold lower frequency than 
that seen in normal females.  
Contradictory results were obtained by, Surralles et al (1996), who developed a new 
method to identify the active-X in interphase cells.  By using a combination of immunolabeling of 
acetylated histone H4 with specific antisera and FISH, with an X chromosome centromere-
specific probe  to immunolabel the active X (Xa), they showed that both the Xa and Xi were  lost 
in equal frequencies in MN.  
To further investigate the preferentially loss of the inactive X hypothesis, Catalan et al 
(2000b) examined anaphase-telophase-stage cultured lymphocytes obtained from a 62 year-old 
woman. Pancentromeric FISH and X chromosome painting were used to identify that 17.5% of 
the laggard chromosomes were X chromosomes. The late-replicating inactive X was labeled with 
5-bromo-2’-deoxyuridine and it was found that both the active and the inactive X were equally 
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incorporated to the laggards, supporting the results of the Suralles et al (1996b) study and 
contradicting the findings of other investigators (Abruzzo et al., 1985; Tucker et al., 1996; Hando 
et al., 1997). 
 
Autosomal Aneuploidy 
 In contrast to the well-documented relationship between sex-chromosomal aneuploidy 
and age, much less is known about acquired autosomal aneuploidy and age. Some researchers 
have failed to find evidence for an age effect on the frequency of autosomal loss (Ford and 
Russell,. 1985; Nowinski et al., 1990; Richard et al., 1993; Guttenbach et al., 1995; Mukherjee et 
al., 1996), while others identified an age effect on autosomal loss (Jarvik et al., 1976; Catalan et 
al., 1995; Bakou et al., 2002; Wojda et al., 2006). 
 
Metaphase analysis 
Early studies of non-banded metaphases suggested that autosomal loss is negatively 
correlated with chromosomal size, with smaller chromosomes being more frequently lost (Bloom 
et al., 1967; Neurath et al., 1970). However, autosomal gain was random and was unrelated to its 
size (Bloom et al., 1967; Neurath et al., 1970). This pattern was also observed when G-banding 
studies were performed (Nicholas et al., 1978; Martin et al., 1980; Smith et al., 1980; Stollard et 
al., 1981; Brown et al., 1983; Wenger et al., 1984; Nowinski et al., 1990) and when R-banding 
was utilized (Richard et al., 1993). However, a G-banded study that included 71 subjects ranging 
in age from 21 to 78 years, along with 52 centarians, did not support this observation (Wojda et 
al., 2006).  
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When studies were performed to investigate whether there is a relationship between age 
and autosomal loss, the results varied between investigative groups. A large study on G-banded 
metaphases from men and women of different ages showed an increased correlation between age 
and autosomal loss for the subjects older than 60 years (Gallway and Buckton., 1978). However, 
a study that was conducted on lymphocytes from 16 females aged between 20 and 50 years 
showed no clear association, possibly due to the younger cohort evaluated (Ford and Russell., 
1985). Another study that included only females within the reproductive age found no age effect 
on autosomal loss  (Nowinski et al., 1990). When R-banding techniques were used on metaphases 
of 8 female and male donors, including two newborns and adults with an age range between 25-
77 years, no age effect was observed on autosomal aneuploidy. Random loss was observed in the 
two newborns but in adults, autosomal loss was inversely correlated with length of the 
chromosome (Richard et al., 1993). In the previously noted large study of 71 subjects (ages21-78) 
and 52 centenarians, the total frequency of autosomal hypoploidy was shown to significantly 
increase with advancing age in men but not in women. No particular autosome was observed to 
be lost in correlation with age (Wojda et al., 2006). 
 
Interphase analysis 
Analyses of interphase nuclei, using FISH techniques, have primarily focused on sex 
chromosomes. However, a subset of autosomal probes has been evaluated. A study was 
conducted on cultured lymphocyte interphase nuclei obtained from males/females aged from 1 
wk to 93 years. (Guttenbach et al., 1995). Subjects were divided into age groups of 5-year 
intervals and one individual per group was analyzed for autosomes 1 and 17 loss. No age 
correlation could be established for either autosome. Both autosomes were lost in similar 
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frequencies, which is a finding that disagrees with previous metaphase studies in which an inverse 
correlation was observed with chromosome length (Guttenbach et al., 1995).  
Another study was performed on uncultured differentiated leukocytes and included six 
males and six females, each divided into a young group and an old group.  Autosomes 1, 2, 3, 4, 
and 6 (in addition to the X & Y chromosomes) were analyzed. Autosomes 4 and 6 showed the 
highest mean frequencies of aneuploidy while autosome 3 showed the lowest mean frequency. No 
significant increase in chromosome-specific aneuploidy with advancing age could be established. 
However, a significant increase in overall chromosome aneuploidy frequency (including the sex 
chromosomes) with advancing age was shown. Chromosome 1 and X aneuploidy highly 
contributed to the observed significant increase of overall aneuploidy with age (Mukherjee et al., 
1996). 
 
Micronucleus studies 
The early studies of MNs utilized antikinetochore antibodies to discriminate between MNs 
containing whole chromosmes and those containing fragments of chromosomes. Later, the use of 
chromosome-specific FISH probes enabled the confirmation of the presence of specific 
chromosomes in MNs. Early studies started using sex chromosome specific probes since their 
age-related aneuploidy was well recognized. When antikinetochores were used together with the 
sex chromosomes specific probes, studies concluded indirectly that MNs contain not only sex 
chromosomes, but also autosomes and an age effect was suggested. (Hando et al 1994; Catalan et 
al 1995)  
Utilizing autosome-specific probes on MN, chromosomes 11 and 22 were investigated 
and no influence by age or sex was observed (Richard et al., 1994). Scarpato et al (1996) showed 
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no age or sex effect on the frequency of MNs containing acrocentric chromosomes. Similarly, Shi 
et al (2000) observed no age or sex effect on the frequency of MN containing chromatin from 
chromosome 21 and the frequency of these types of MNs was very low in all ages, being 
significantly lower than the frequency of chromosome 21 nondisjunction. However, the frequency 
of MN containing chromatin from autosome 8 was shown to increase with advancing age in 
women (Bakou et al., 2002). The presence of autosomes 1, 4, 6, 8, and 20 in MN was studied by 
Wojda et al (2007), who found no significant age-related increase of specific autosomes in MN. 
The frequencies of autosomes in MN were comparable in men and women. Leach and Jackson-
Cook (2001) conducted a study utilizing SKY and FISH and demonstrated that all autosomes 
could be present in MN.  
 
Other Tissues 
 
An in vivo longitudinal FISH study was performed on interphases and metaphases of skin 
fibroblasts from 8 individuals (5 males and 3 females) to analyze autosomes 1, 2, 3, 4, 6, 7, 8, 9, 
10, 11, 12, 15, 17, 18, and 20 (in addition to the sex chromosomes) (Mukherjee et al., 1997). In 
this study, aneuploidy levels of interphase cells were significantly higher than aneuploidy levels 
of metaphases. Chromosomes 1, 4, 6, 8, 10, and 15 showed significantly higher proportions of 
aneuploidy at interphase than the rest of the chromosomes. The mean percentage of cells with 
total chromosome-specific aneuploidy increased significantly with advancing age of each 
individual and the pattern of age-related chromosome-specific aneuploidy was individual specific 
(Mukherjee et al., 1997). 
In human vascular endothelium, autosomes 6 and 16 were studied in non- cultured and 
non-dividing interphases using FISH. Aneuploidy levels of both chromosomes 6 and 16 showed 
an age-related increase. This increase was attributed to tetrasomy. Age-related monosomy and 
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trisomy of chromosome 16, and trisomy of chromosome 6 were not significantly increased. 
Monosomy of chromosome 6 did not exhibit any relationship with age (Aviv et al., 2001). 
 
Causes of aneuploidy 
The underlying causes of age-related aneuploidy remain unclear. When early studies were 
performed on metaphase spreads, there was a large debate as to whether the observed high 
frequency of hypoploidy (especially when compared to the frequency of hyperploidy) was true or 
reflected technical artifact (Brown et al., 1983, Lezhava and khmaldze., 1988, Richard et al., 
1993). Metaphase preparation steps include treatments with hypotonic solutions, which cause 
swelling of the cell and may burst the cell membrane. Fixation used in the cytogenetic 
preparatons causes fragility of the cytoplasm, which could allow for disruption of the metaphase 
spread when dropped onto microscope slides. Any of these technical artifacts could result in an 
increased frequency of loss. Hypoploidy was observed in both young and old subjects, but 
occurred more frequently in older individuals. The fragility of lymphocytes was shown to 
increase with senescence, and this phenomenon could lead to the appearance of hypoploid cells 
more often in adults (due to damage of lymphocytes during preparation) (Kerkis et al., 1967). In 
such a case it would be logical to expect that chromosomes that occur in the periphery are lost 
more often  (Lezhava and khmaldze., 1988, Richard et al., 1993).  
Another technical factor that has been suggested to potentially influence the frequency of 
aneuploidy is the in vitro culturing conditions. If the hypothesis that chromosome malsgregation 
occurs in vitro was true, then the culturing time would positively affect the frequency of 
aneuploidy observed. Many studies were performed to investigate the effect of culturing 
conditions and the results were disputable. Some investigators were able to observe differences in 
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anueploidy frequency according to culturing time (Patton et al., 2010), while groups did not find 
such an effect (Gallway and Buckton., 1978; Guttenbach et al., 1995), or found it for only a 
subset of chromosomes (Richard et al., 1993).  When cultured lymphocytes treated with 
cytochalasin-B were compared to uncultured lymphocytes, the frequency of hypoploid/ 
hyperploid nuclei for chromosome X in women was not affected (Catalan et al., 2000). However, 
previous analyses on the same subjects (Surralles et al., 1996a) showed a higher frequency of MN 
containing the X chromosome in the cultured than in the uncultured lymphocytes.  
When FISH approaches became available, it was thought that it would resolve the 
problem of artificial hypoploidy that could result from metaphase spreads preparations. However, 
this technology also has the potential to be influenced by technical factors.  For example, the 
number of signals for a chromosome can be misinterpreted if the signals overlay one another, or if 
they are fused (Guttenbach et al., 1995, Iourov et al., 2005). Different types of probes could be 
used to enumerate specific chromosomes in interphase cells and depending on the type of probes 
used, the resolution of the results may differ. Centromeric probes are specific for alpha satellite 
DNA sequences that are localized to heterochromatin. These probes are relatively large and are 
widely used in interphase studies due to their high efficiency of hybridization. However, 
chromosomes with large heterochromatin blocks tend to have a high frequency of homolog 
chromosome pairing which can lead to misinterpretation of the data. An alternative approach is to 
use locus specific probes, which are specific for unique sequences that involve a smaller amount 
of chromatin. Unfortunately, these probes are characterized by lower efficiency of hybridization 
and therefore could also lead to misinterpretaion of aneuploidy and over-representation of 
hypoploidy.  
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In addition to technical influences on acquired aneuploidy measures, biological factors 
have also been shown to impact the frequency of acquired chromosomal abnormalities. One such 
factor is telomere length. Telomere shortening was suggested to be associated with age-related 
acquired chromosomal aneuploidy. (Suralles et al., 1999; Leach et al., 2004). Human telomeres 
consist of a tandem repetitive DNA sequence (TTAGGG)n, which protects the ends of the 
chromosomes (Moyzis et al., 1988). Telomerase is the enzyme responsible for the replication of 
these repeats. In adults, it is actively expressed in cells that divide regularly, such as stem cells 
and germ cells, but is normally repressed in somatic cells (Kim et al., 1994; Shay and Write., 
2001). Therefore, with each cell division, a gradual loss of these repeats occur, which has a 
causative role in cellular senescence and in aging (Hastie et al., 1990; Harley 1991; Vaziri et al., 
1993; Allsopp 1992; 1995). Telomeres are important for maintaining chromosomal stability 
(Sandell and Zakian., 1993), positioning of chromosomes in the interphase nucleus (Dernburg et 
al., 1995; Galy et al., 2000; Amrichova et al., 2003), and in normal chromosomal segregation 
(Kirk et al., 1997). Telomere dysfunction results in chromosomal instability and mitotic 
segregation errors. In vitro cellular culturing studies showed that telomere attrition leads to 
chromosomal instability, which includes chromosomes end-to-end fusions, translocations, 
formation of dicentric chromosomes, anaphase lagging, allelic and chromosomal loss. (Filatov et 
al., 1998; DePinho., 2000; Zhang et al., 2000; Pampalona et al., 2009). The rate of the telomere 
shortening has been found to be higher in the inactive X than that observed in the active X or in 
the autosomes (Surralles et al., 1999). This observation, in addition to the fact that some studies 
suggest the preferential loss of the inactive X in age-related aneuploid cells (Abruzzo et al., 1985; 
Tucker et al., 1996; Hando et al., 1997), would suggest that chromosomes with shorter telomeres 
are preferentially lost. The association between telomere length and aneuploidy has been directly 
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investigated (Leach et al., 2004). Chromosomes with shorter telomeres and large hetrochromaton 
regions were shown to have a higher frequency of acquired chromosomal aneuploidy. In addition, 
Stone and Sandberg (1995) suggested that telomere shortening is the mechanism that is 
responsible for the Y chromosome loss, due to the uniqueness of the Y chromosome structure in 
that the telomere of its long arm is juxtaposed to a large block of heterochromatin consisting of 
two elements (Willard., 1985; Stone and Sandberg., 1995).  
Recently, epigenetic factors have been suggested to play an important role, not only in 
genome expression, but also in the correct segregation of chromosomes (Herrera et al., 2008). 
Epigenetics refers to the heritable changes in gene expression that do not involve any changes in 
the underlying DNA sequence (Russo et al 1996). This process includes DNA methylation and 
histone modifications, which are essential for chromatin remodeling (Bernstein et al., 2007). It is 
also important for the normal mammalian development and in cell differentiation (Reik., 2007). 
Epigenetic information is also involved in the formation of heterochromatin, which can play an 
essential role in chromosome segregation and chromosomal stability (Herrara et al., 2008). It has 
been postulated that changes in heterochromatinization of autosomal segments could result in 
heterochromatic “stickiness” which was suggested to be the mechanism that causes delayed 
chromatid separation during mitosis and therefore, results in nondisjunction (Stadler et al., 1965). 
The presence of large heterochromatin regions in specific chromosomes was shown to be an 
additional factor that influenced the frequency of acquired somatic cell aneuploidy (Leach et al., 
2004).  
It is well recognized from the earliest studies that the sex chromosomes are the most 
frequently involved in age-related aneuploidy. Hamerton et al., 1965 suggested a mechanism that 
leads to an excessive sex chromosome hypoploidy. The Y chromosome and the inactive X consist 
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of large heterochromatic regions and are relatively genetically inactive. Thus, the resulting 
aneuploid cells would have a better chance to survive than if other chromosomes were involved. 
The observed high frequency of X chromosome aneuploidy led to the suggestion of the 
occurrence of a chromosome-specific mechanism operating on the X chromosome (Martin et al., 
1982).  
In conclusion, two factors could promote the frequency of acquired chromosome-specific 
aneuploidy. The first factor depends on whether there is a chromosome-specific mechanism that 
leads to a high frequency of loss of that specific chromosome (such as heterochromatin content 
for the autosomes). The second factor depends on the ability of the aneuploid cell to survive with 
an imbalance involving that specific chromosome. Some investigators have suggested that the cell 
survival depends on the genetic importance of the chromosome to the cell (Yunis., 1965) or the 
genetic length/size of the chromosome (Hoehn., 1975; Nicholas et al., 1978; Martin et al., 1980; 
Smith et al., 1980; Stollard et al., 1981; Brown et al., 1983; Wenger et al., 1984; Nowinski et al., 
1990).  A significant correlation between the amount of centromeric heterochromatin and 
chromosome displacement has been observed (Ford and Lester., 1982). It was suggested that the 
late replicating heterochromatin interferes with the spindle attachments to the centromere.   
Yet another factor that has been suggested to influence the risk for somatic cell 
aneuploidy is the acquisition of mutations in structural genes which, in turn,  might cause 
accumulation of abnormal proteins (Orgel 1963;1970). It was proposed that these mutations could 
affect the checkpoints or other control points in mitosis (Martin et al., 1980).  
Changes in gene expression are one additional factor that could contribute to causing 
acquired aneuploidy. Down-regulation of genes that are important in the cell cycle progression 
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and mitosis control has been shown in aged individuals’ human fibroblasts using microarray 
technology (Ly et al., 2000,  Leopardi et al., 2002). 
In addition, spindal defects, impairment of the centromere/kinetochore function, structural 
anomalies of kinetochores, abnormal amplification of centrosomes, loss of mitotic error 
checkpoint function, and abnormal movement of chromosomes relative to the pole have all been 
proposed as mechanisms leading to chromosome malsegregation (Gatti and Baker., 1989; Bernat 
et al., 1991; Nakagome et al., 1984; Hando et al., 1994; Catalan et al., 2000a; Saunders et al., 
2000; Fukasawa., 2005; Iarmarcovai et al., 2006).  
 
 
Aims of the present study 
 
While age-related sex chromosomal aneuploidy is a well-characterized phenomenon, the 
relationship between autosomal loss and age remains unclear. The emergence of the specific and 
highly sensitive FISH technology has enabled investigators to study interphase cells, thereby 
overcoming problems inherent with the study of metaphase spreads for acquired aneuploidy 
assessment. Only subsets of autosomes have been investigated in uncultured blood cells. 
Furthermore, despite the active research in this area, the origin of acquired aneuploidy is still 
unknown. Is it genetically programmed; environmentally influenced; or both?  Does the genetic 
map of an individual increase the susceptibility for age-related aneuploidy or are there specific 
environmental factors that influence its frequency?  
In an attempt to answer these questions, we conducted a study to quantify the frequency of 
acquired chromosome aneuploidy for 13 autosomes and the two sex chromosomes in uncultured 
blood interphase nuclei obtained from twin pairs aged between 7 and 80 years. The primary aims 
of this study are to: (1) assess the frequencies of acquired chromosomal aneuploidy, including 13 
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autosomes and the two sex chromosomes, in uncultured leukocyte interphases and determine 
whether there is an age-relationship; and (2) determine if the rates of the observed acquired 
aneuploidy frequencies were more heavily influenced by genetic or environmental effects.  	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Chapter 2 
 
Acquired Chromosomal Aneuploidy 
 
Introduction 
 
Age-related acquired chromosomal aneuploidy is one of the earliest documented 
characteristics in human aging (Jacobs, et al., 1961), with frequencies of hypoploidy exceeding 
frequencies of hyperploidy in both males and females. Hypoploidy has been mainly attributed to 
the loss of the X chromosome in females and loss of the Y chromosome in males (Jacobs et al., 
1963; Fitzgerlad and McEwan., 1977; Galloway and Buckton., 1987; Martin et al., 1980; Ford 
and Russell., 1985; Nowinski et al., 1990; Richard et al., 1993, Hando et al., 1994; Nath et al., 
1995; Guttenbach et al., 1994; 1995; Bukvic 2001; Wojda et al., 2006; Russel et al., 2007). 
Hyperploidy has been observed in women more frequently than in men and has been primarily 
attributed to the gain of the X chromosome (Nowinski et al., 1990). Acquired autosomal 
aneuploidy has been less extensively studied, with the few investigations that have been 
completed showing conflicting results. Some investigators have observed an age-autosomal 
relationship (Jarvik et al., 1976; Catalan et al., 1995; Bakou et al., 2002; Wojda et al., 2006), 
while others failed to observe such a relationship (Ford and Russell., 1985; Nowinski et al., 
1990; Richard et al., 1993; Guttenbach et al., 1995; Mukherjee et al., 1996).   Most of the 
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previous studies were performed on metaphases of cultured human lymphocytes. Published 
interphase studies, using fluorescent in situ hybridization (FISH) techniques, are few and only a 
subset of autosomes has been evaluated (Guttenbach et al., 1995; Mukherjee et al., 1996). The 
sparse numbers of studies reported have been completed on different types of tissues (Mukherjee 
and Thomas., 1997; Aviv et al., 2001), making any generalizable conclusions problematic.   
Two mechanisms have been conjectured to lead to acquired chromosomal aneuploidy. 
Nondisjunction, which results in the reciprocal products of monosomy and trisomy, is a well-
known mechanism of meiotic aneuploidy. However, for mitotic (acquired) aneuploidy the 
frequency of hypoploidy has been noted to exceed that of hyperploidy. This observation of the 
unequal frequencies of hypoploidy and hyperploidy could reflect a loss specific mechanism. 
Ford et al (1988) proposed that anaphase lagging chromosomes are eliminated from the nucleus 
by a mechanism called micronucleation. The formation of micronuclei (MN) containing the 
missing chromosome could explain the observed high frequencies of hypoploidy. Alternatively, 
the increase in hypoploidy frequencies could be attributable, in part, to technical artifacts, 
including those resulting from culturing conditions and metaphase spreading methods. The 
increased frequency of hypoploidy compared to hyperploidy has also been explained to result 
from a preferential survival capability of hypoploid cells compared to hyperploid cells (Richard 
et al., 1993). With the advent of fluorescent in situ hybridization (FISH) methodology, one could 
evaluate the frequency of acquired aneuploidy in interphase nuclei, thereby avoiding the 
potential artifactual losses that could arise from metaphase spread breakage. These interphase 
studies have confirmed that there is a higher frequency of hypoploidy when compared to 
hyperploidy and have shown even higher frequencies of loss than was expected and observed in 
metaphase studies (Mukherjee et al., 1997). This higher frequency of acquired aneuploidy in 
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interphase cells has been suggested to reflect the fact that senescent cells cannot divide or 
undergo the mitosis process. Thus, cells having chromosomal imbalances that lead to a 
compromise in their growth/proliferative potential would not be examined in a metaphase assay, 
but would be available for study in an interphase analysis (the latter of which would provide 
results that are less biased)(Mukherjee et al., 1996; 1997). In addition to being more powerful 
and more reflective to the accurate in vivo frequency of aneuploidy, interphase FISH analyses 
permit the scoring of a larger number of cells in a relatively short time when compared to the 
time consuming, small number of cells that can be examined in metaphase studies.  
Given the dearth of knowledge available about acquired autosomal aneuploidy 
frequencies, the goal of this project was to quantify the frequency of age-related acquired 
aneuploidy for 13 autosomes, as well as the two sex chromosomes. To reduce any biases that 
could arise from in vitro culturing, these studies were completed using uncultured blood cells. 
Furthermore, to gain insight as to the role of heritable genetic versus environmental influences 
on acquired aneuploidy frequencies, these studies were completed on healthy monozygotic (MZ) 
and dizyogtic (DZ) twin pairs of different ages (7-80 years). The data obtained from this study 
allowed us to determine the frequencies of acquired specific-chromosome aneuploidy that can be 
present in apparently normal individuals and to understand more about the relationship between 
autosomal aneuploidy and age in uncultured leukocytes.  
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Materials & Methods 
 
 
Samples 
 
After obtaining their informed consent (VCU IRB protocol #179), blood samples were 
collected from twin pairs who were recruited from the Mid-Atlantic Twin Registry (MATR).  
Participants included 33 same sex twin pairs (26 male pairs; 7 female pairs) and one singleton.  
The twins ranged in age from 7 to 80 years. From each participant, approximately 20 ml of blood 
was collected in sodium heparin tubes and a brief questionnaire on health history and 
environmental exposures was completed.  
 
DNA Isolation and Zygosity testing 
Genomic DNA was isolated from whole blood using the Puregene DNA Isolation Kit.  
Zygosity was determined using 13 highly polymorphic short tandem repeat sequences (Cofiler 
and Profiler Plus, Applied Biosystems) according to standard procedures. Twins were classified 
as monozygotic if the marker data for the co-twins matched at all 13 loci. Co-twins having 
differences in one or more markers were identified as a dizygotic pair.  
 
Peripheral blood cell culture and harvest 
Upon sample arrival, duplicate lymphocyte cultures were established and harvested per 
participant according to standard procedures (Rooney & Czepulkowski., 1992). Briefly, a total of 
3 ml of blood was gently layered onto a 3 ml histopaque tube. Following spinning, the buffy coat 
layer was aspirated and placed into a new, sterile centrifuge tube. Sterile phosphate buffered 
saline was added to a total volume of 12 ml per tube. After centrifugation, the supernatant was 
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removed and discarded. The cells were then resuspended in 10 ml of supplemented 
phytohemagglutinin (PHA) culturing media and seeded into a flask. Lymphocytes were cultured 
for 72 hours at 37 °C after culture initiation.  To arrest the dividing cells at the metaphase stage, 
0.1 ml colcemid was added 20 minutes prior to harvest. Cells were then incubated at 37°C in a 
0.075M KCL hypotonic solution for 20 minutes and then fixed in cold Carnoy’s fixative (3:1 
methanol: acetic acid). Cell pellets were stored at -20°C.  
 
Cultured lymphocyte slide preparation and metaphase analysis 
Slides were prepared by dropping the cell suspension onto fix-cleaned slides. The slides 
were then aged on a hotplate at 60 °C for one hour. To evaluate the participant’s constitutional 
chromosomal complement, GTG-banding chromosomal analysis was completed according to 
standard techniques (Barch., 1991).  A minimum of 10 metaphase spreads from each donor was 
analyzed. Two metaphase spreads were captured and karyotyped using Applied Imaging 
Cytovision system. 
 
Uncultured peripheral blood smear preparation 
Peripheral blood smears were prepared by applying 12 to 15 µL of mixed whole blood to 
the upper edge of a clean slide. The blood was then spread along the length of the slide with a 
second slide (spreader), with even pressure being applied to result in an even distribution of cells 
over the slide area.  After spreading the blood, the slides were allowed to air-dry and age 
overnight at room temperature before being stored at -20°C. A total of 10 slides were prepared 
per each participant.  
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Uncultured blood smear FISH studies 
Tri-color FISH, using probes specific for chromosomes 2, 3, 4, 7, 8, 11, 12, 13, 14, 17, 
18, 20, 22, X, and Y, was performed according to the manufacturer’s protocol (Abbott 
molecular, Vysis).  The probe sets used and the number of individuals analyzed per probe is 
shown in (Table 1). Centromeric enumeration probes (CEP) were used to identify all 
chromosomes except chromosomes 13, 14, and 22. Due to the lack of availability of CEP probes 
specific for the centromeres of these chromosomes, locus specific identifier (LSI) probes were 
used.  
Briefly, the uncultured blood smears were fixed in 3:1 methanol: acetic acid, placed in a 
90% formamide solution at 37°C, and then dehydrated in an ethanol series of 70%; 85%; 100% 
at room temperature. Two probe combinations were applied per slide (each combination on one 
half of the slide).  Each combination included three different probes, labeled with three different 
colors (Orange, green, and aqua)(Figure 1). A total of 10 µL of the probe mix (1 µL from each of 
the three tri-color probes + 7 µL of hybridization buffer) was applied onto a half slide area. For 
denaturation, the slide was placed onto a thermocycler for 10 minutes at 75°C and then allowed 
to hybridize overnight at 37°C. Washing was carried out the next morning in a 0.4X SSC 
solution for 2.5 minutes at 72°C, followed by rinsing in 1XPBD for 2 minutes at room 
temperature. The slides were counterstained by applying 15 µL of a DAPI II/antifade solution to 
the entire length of the slide.  
Signals were scored using a Zeiss epifluorescent Axioscope equipped with single 
(Spectrum Orange, Spectrum Green, Spectrum Aqua; Vysis) and triple band pass filters (Omega 
Optical). A total of 500 randomly selected interphase nuclei were analyzed per each probe set 
(chromosome).  
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Statistical analysis 
The R program was used for all statistical computations. To compare proportions of 
hypoploidy to proportions of hyperploidy, box plots were performed and the p-value was 
estimated using a paired t-test. The Pearson correlation coefficient test was used to assess 
potential correlations between proportions of overall hypoploidy and age, proportions of overall 
hyperploidy and age, specific-chromosome proportion of hypoploidy and age in males, and 
chromosome X proportion of hypoploidy in females. Square-root transformation was performed 
for each of the proportions mentioned above. This square-root transformation was done due to 
the unequal sample size and the unequal variance in the analyzed age groups. Regression 
analysis was performed to assess the slope and significance of the correlation between each of 
these transformed proportions and age. A significance level of 0.05 was used for all tests.  
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Table 1. Probes used and the number of individuals analyzed per chromosome    
Probe set Chromosome  Flourophore   Probe name 
Chromosomal                                                                                                                              
location Type 
Number 
of 
Females 
Number 
of
 Males 
1           3 Orange CEP 3 (D3Z1) 3p11.1-q11.1 
Alpha 
Satellite 7 15 
 13 Green Vysis LSI 13q34 13q34 
Locus 
specific 7 15 
  7 Aqua CEP 7 (D7Z1) 7p11.1-q11.1 
Alpha 
Satellite 7 15 
2 4 Orange CEP 4 (Alpha Sat) 4p11-q11 
Alpha 
Satellite 6 18 
 14 Green Vysis LSI IGH 14q32 
Locus 
specific 6 18 
  8 Aqua CEP 8 (D8Z2) 8p11.1-q11.1 
Alpha 
Satellite 6 18 
3 2 Orange CEP 2 (D2Z1) 2p11.1-q11.1 
Alpha 
Satellite 7 15 
 12 Green  CEP 12 (D12Z3) 12p11.1-q11 
Alpha 
Satellite 7 15 
  11 Aqua CEP 11 (D11Z1) 11p11.11-q11.11 
Alpha 
Satellite 7 15 
4 20 Orange CEP 20 (D20Z1) 20p11.1-q11.1 
Alpha 
Satellite 6 18 
 22 Green Vysis LSI 22BCR 22q11.2 
Locus 
specific  6 25 
  18 Aqua CEP 18 (D18Z1) 18p11.1-q11.1 
Alpha 
Satellite 6 18 
5           Y Orange CEP Y (DYZ3) Yp11.1-q11.1 
Alpha 
Satellite         .                              52
 17 Green CEP 17 (D17Z1) 17p11.1-q11.1 
Alpha 
Satellite 12 43 
            X Aqua CEP X (DXZ1) Xp11.1-q11.1 
Alpha 
Satellite 12 52 
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Figure 1. Uncultured leukocyte nucleus with tri-color FISH obtained from a male.  
The orange signal represents chromosome Y.  
The aqua signal represents chromosome X.  
The green signal represents chromosome 17 showing monosomy of chromosome 17.  	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                                                                  Results  
 
Metaphase analysis 
Upon standard GTG-banding metaphase analysis, all participants showed normal 
karyotypes. No consistent abnormalities were observed.  
 
Zygosity testing 
Zygosity testing based on concordant/discordant polymorphic markers, showed that out 
of 67 individuals, 16 pairs were MZ male twins, 10 pairs were DZ male twins, 6 pairs were MZ 
female twins, 1 pair was a DZ female twin, and 1 individual did not have a co-twin specimen 
submitted for study.  
 
Uncultured blood aneuploidy analysis 
 Due to the low efficiency of hybridization of the LSI probe (less than the 99% value 
established for quality control standards), the chromosome 13 probe data was excluded from the 
study. The results of hypoploidy and hyperploidy frequencies noted for chromosomes 2, 3, 7, 11, 
and 12 are shown in tables 2 & 5, respectively, while results of hypoploidy and hyperploidy 
frequencies of chromosomes 4, 8, 14, 18, 20, and 22 are shown in tables 3 & 6, respectively. The 
results of hypoploidy and hyperploidy frequencies of chromosomes 17, Y, and X in men are 
shown in tables 4 & 7, respectively. The data of chromosome X aneuploidy in females is 
summarized in table 8.  
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Table 2. Frequency of acquired chromosome hypoploidy in uncultured blood nuclei (probe set 1 & 3) 
                           Chromosomes 
Individual Sex Age 2 3 7 11 12 
        
1 M 7 1 0 0.4 1.8 0.6 
2 M 12 0.6 0.2 1 1.2 1.6 
3 M 12 0.2 0.2 1.2 0.6 0.4 
4 F 15 0.6 0.4 0.6 0.8 0.4 
5 F 15 0.4 0.6 1 0.8 0.4 
6 F 17 1.2 0.6 1 1.8 0.6 
7 F 17 0.6 0.2 0.6 1.4 0.4 
8 F 25 0.4 0.8 1.8 1.4 0.6 
9 F 25 0.8 0.4 1.2 1.6 0.8 
10 M 31 1.2 0 0.6 0.6 0.8 
11 F 32 0.6 0.2 0.8 1.2 0.4 
12 M 36 0.8 0.2 0.8 1.6 1 
13 M 44 0.6 0.4 1.8 1.6 0.8 
14 M 44 0.4 0.2 1 1.4 0.6 
15 M 64 0.4 0.4 1.2 1.4 0.8 
16 M 64 0.6 0.4 1.4 2 0.6 
17 M 75 1.2 0.4 0.6 0.8 0.6 
18 M 75 0.6 0.6 1.4 1.2 0.8 
19 M 75 0.8 0.4 1.2 1 1.6 
20 M 75 0.4 0.4 1 1.2 0.6 
21 M 78 0.6 0.4 1.4 1 1.2 
22 M 78 0.8 0.6 0.8 0.6 0.4 
        
Average   0.67 0.36 1.04 1.23 0.73 
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Table 3. Frequency of acquired chromosome hypoploidy in uncultured blood nuclei (Probe sets 2 & 4)  
     Chromosomes   
Individual Sex Age 4 8 14 18 20 22 
1 M 9 1 1 0.4 0.6 0 0.4 
2 M 9 1.4 0.4 0.2 0.4 0.4 1.4 
3 M 12 0.8 0.8 0.8 0.8 0.6 0.6 
4 M 12 0.8 0.8 0.4 0.2 0.4 0.6 
5 F 15 1.6 1.4 0.8 0.4 1.2 1.8 
6 F 15 0.6 1.4 0.2 0.8 0.8 1.4 
7 F 19 1 0.2 0.4 0.6 0.4 0.4 
8 F 19 1 0.4 0.6 0.4 1 0.4 
9 F 25 1 0.8 0.8 0.8 0.8 0.4 
10 F 25 1 0.8 1.2 0.4 0.4 1.2 
11 M 30 . . . . . 1 
12 M 30 . . . . . 0.8 
13 M 32 . . . . . 1 
14 M 34 . . . . . 1.2 
15 M 43 . . . . . 1 
16 M 43 . . . . . 1.8 
17 M 56 1.4 0.6 1 1 1.2 . 
18 M 56 0.8 1 1 0.6 0.6 0.6 
19 M 60 0.8 0.6 1 0.4 0.4 0.4 
20 M 60 0.6 0.6 0.6 0.4 0.2 0.8 
21 M 63 0.4 0.2 0.6 0.6 0.2 0.6 
22 M 63 1 0.8 0.2 0.4 0.6 1.6 
23 M 64 1.2 0.4 0.4 0.4 0.6 1 
24 M 64 1 0.6 0.6 0.2 0.4 1 
25 M 64 0.8 1.4 0.8 0.4 0.4 0.8 
26 M 64 0.6 0.8 1 0.6 0.4 1 
27 M 75 0.8 1 0.4 0.4 0.4 1 
28 M 75 0.4 1 0.4 0.6 0.6 1.4 
29 M 77 . . . . . 1.8 
30 M 77 . . . . . 1.2 
31 M 78 1 1.4 0.6 0.6 0.4 0.8 
32 M 78 1.4 1 1 0.4 0.4 0.8 
Average   0.93 0.8 0.64 0.52 0.53 0.97 
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Table 4. Frequency of acquired chromosome hypoploidy in uncultured blood nuclei in males (probe set 5) 
           
   Chromosome     Chromosome 
Individual Age X Y 17  Individual Age X Y 17 
1 7 0 0.4 6.2  27 60 0 1.2 5 
2 7 0 0 6.6  28 60 0 1 5.6 
3 9 0 0 2.4  29 63 0.2 2.2 2.6 
4 9 0 0 3.2  30 63 0.2 2.6 5 
5 10 0 1 6.4  31 64 0 4.4 7.4 
6 10 0 0 4.8  32 64 0 3.6 3.2 
7 12 0 0 6.2  33 64 0 1.4 6 
8 12 0 0.2 7.2  34 64 0 0.8 6.6 
9 12 0 0 5.4  35 65 0 1.6 5 
10 12 0 0 4.4  36 65 0 2.2 4.4 
11 30 0 0 .  37 75 0 2.8 4.2 
12 30 0 0.2 .  38 75 0 15 4.6 
13 31 0 0 2.6  39 75 0 4 5 
14 31 0 0.2 4.2  40 75 0 8.2 5 
15 32 0 0.8 .  41 75 0 8.8 6 
16 34 0 0.2 .  42 75 0 4 4 
17 43 0 0.2 4  43 77 0 1.8 . 
18 42 0 0.2 7.4  44 77 0 2.2 . 
19 43 0 0.6 .  45 78 0.4 2.4 5.8 
20 43 0 0.2 .  46 78 0 2 6 
21 44 0.2 0.2 3.4  47 79 0 0.2 5 
22 44 0 0.6 5.4  48 79 0 0.2 4.2 
23 50 0 0.6 3.2  49 79 0 5 4 
24 50 0 0.4 3.6  50 80 0 0.4 4.2 
25 56 0 1.4 7.4  51 80 0 2.8 3.2 
26 56 0 1.6 4       
      Average  0.02 1.77 4.88 
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Table 5. Frequency of acquired chromosome hyperploidy in uncultured blood nuclei (Probe set 1 & 3) 
                    Chromosomes   
Twin pairs Sex Age 2 3 7 11 12   
1 M 7 0 0 0 0 0   
2 M 12 0 1 0.2 0.6 0.4   
3 M 12 0 1 0 0 0.2   
4 F 15 0 1.4 0 0 0.6   
5 F 15 0 1 0 0 0.4   
6 F 17 0.4 0.8 0 0 0   
7 F 17 0 0.2 0.2 0 0   
8 F 25 0 1.2 0 0.2 0.4   
9 F 25 0 1 0 0.2 0   
10 M 31 0 0.4 0 0 0.2   
11 F 32 0.2 0 0 0 0.2   
12 M 36 0 0.4 0 0 0.4   
13 M 44 0 0.8 0 0 0   
14 M 44 0 0.6 0 0 0   
15 M 64 0 0.8 0 0.6 0   
16 M 64 0 1 0 0.8 0   
17 M 75 0 0.4 0 0 0.6   
18 M 75 0 0.6 0.2 0 0.2   
19 M 75 0 0 0 0 0   
20 M 75 0 1.2 0 0 0   
21 M 78 0 0.6 0 0 0.4   
22 M 78 0.2 1 0 0 0   
          
Average   0.04 0.7 0.03 0.11 0.18   
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Table 6. Frequency of acquired chromosome hyperploidy in uncultured blood nuclei (Probe set 2 & 4)  
                                                                                                                                    Chromosomes  
Individuals Sex Age 4 8 14 18 20 22 
1 M 9 0 0.2 0 0 0.2 0 
2 M 9 0 0 0.4 0.2 0.2 0 
3 M 12 0 0 0.2 0 0 0 
4 M 12 0.4 0 0.6 0.2 0 0.4 
5 F 15 0 0 0.2 0.2 0 0 
6 F 15 0 0 0 0 0 0 
7 F 19 0 0 1 0 0 0 
8 F 19 0 0 0 0.6 0 0 
9 F 25 0 0 0 0 0 0 
10 F 25 0 0 0.2 0 0 0 
11 M 30 . . . . . 0 
12 M 30 . . . . . 0 
13 M 32 . . . . . 0 
14 M 34 . . . . . 0 
15 M 43 . . . . . 0.2 
16 M 43 . . . . . 0 
17 M 56 0 0 0.2 0 0 . 
18 M 56 0 0.2 0.2 0 0 0 
19 M 60 0 0.4 0.4 0 0 0 
20 M 60 0 0 0.4 0.4 0 0 
21 M 63 0 0 0 0 0 0 
22 M 63 0 0.2 0.2 0 0.2 0 
23 M 64 0 0 0.4 0.2 0 0 
24 M 64 0 0 0.4 0 0 0 
25 M 64 0 0 0.2 0 0 0 
26 M 64 0 0 0.2 0 0 0 
27 M 75 0.4 0 0.4 0 0 0 
28 M 75 0 0 0.2 0 0.2 0 
29 M 77 . . . . . 0 
30 M 77 . . . . . 0 
31 M 78 0 0 0.6 0 0 0 
32 M 78 0 0.2 0.4 0.2 0.2 0.4 
Average   0.03 0.05 0.28 0.08 0.04 0.03 
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Table 7. Frequency of acquired chromosome hyperploidy in uncultured blood nuclei in males (Probe set 5) 
    Chromosome     Chromosome  
Individuals Sex Age X Y 17  Individuals Sex Age X Y 17 
1 M 7 0 0 0  27 M 60 0 0 0 
2 M 7 0 0 0  28 M 60 0 0 0 
3 M 9 0 0 0.2  29 M 63 0 0.4 0.4 
4 M 9 0 0 0.2  30 M 63 0 0.4 0.4 
5 M 10 0 0.2 0.4  31 M 64 0 0 0 
6 M 10 0 0 0.2  32 M 64 0 0 0.4 
7 M 12 0 0 0.2  33 M 64 0 0 0 
8 M 12 0 0 0.4  34 M 64 0 0.2 0 
9 M 12 0 0 0  35 M 65 0 0 0 
10 M 12 0 0 0  36 M 65 0 0.2 0.4 
11 M 30 0 0 .  37 M 75 0 0 0.2 
12 M 30 0 0 .  38 M 75 0 0.2 0 
13 M 31 0 0 0.6  39 M 75 0 0.2 0.4 
14 M 31 0 0 0.2  40 M 75 0 0.2 0.2 
15 M 32 0 0 .  41 M 75 0 0.2 0.2 
16 M 34 0 0.4 .  42 M 75 0 0 0 
17 M 43 0 0.4 0.2  43 M 77 0.2 0.4 . 
18 M 42 0.2 0 0  44 M 77 0 0 . 
19 M 43 0 0.6 .  45 M 78 0.4 0 0.8 
20 M 43 0 0.4 .  46 M 78 0.2 0 0.4 
21 M 44 0 0 0.4  47 M 79 0 0.4 0 
22 M 44 0 0 0  48 M 79 0 0.2 0 
23 M 50 0 0.2 0.6  49 M 79 0 0.6 0.6 
24 M 50 0 0 0.4  50 M 80 0 0.2 0.4 
25 M 56 0 0.2 0  51 M 80 0 0 0 
26 M 56 0 0 0        
       Average   0.02 0.12 0.2 
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Table 8. Frequency of aneuploidy of chromosome X in female uncultured blood nuclei 
                Chromosome X    
   
Individuals     Age        Hypoploidy Hyperploidy    
        
1  14           0.8 0    
2  14           0.6 0.2    
3  15           0.8 0    
4  15           0.6 0    
5  15           0.6 0.2    
6  15           0.2 0.2    
7  17           0.4 0    
8  17           0.4 0    
9  19           0.4 0    
10  19           1             0    
11  32           1.4 0    
12  32           1.4 0    
        
Average              0.72 0.05       
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Hypoploidy versus hyperploidy 
The comparison of the level of hypoploidy to the level of hyperploidy was fully 
completed for all probe combinations on 10 individuals. The average of loss proportions was 
compared to the average of gain proportions for these 10 individuals. As expected, hypoploidy 
square root transformed proportions, which had a mean ± standard deviation of 0.11 ± .0073) 
significantly exceeded hyperploidy transformed proportions, which were seen with a mean of 
0.04 ± .0060),  (p< .0001) (Figure 2). The highest frequencies of loss were seen for autosome 17 
(4.88 ± 1.37), followed by the Y chromosome (1.77 ± 2.7), and autosomes 11 (1.23 ± .42) and 7 
(1.04 ± .38). The lowest autosomal loss frequencies were noted for chromosome 3 (0.36% ± .20), 
with X chromosome loss levels in males being very low in males (.02 ± .07) (Figure 3). 
 
Overall hyperploidy/hypoploidy versus age 
The relationship between the proportion of overall hypoploidy/hyperploidy and age was 
assessed using a Pearson correlation. As noted before, this analysis was performed using 
frequency data from the 10 individuals who were analyzed for all chromosomes. The square-root 
transformed proportions of hypoploidy/ hyperploidy were plotted against each individual’s age 
in order to assess whether hypoploidy/hyperploidy of all chromosomes (including the sex 
chromosomes) pooled together increased with aging.  Regression analysis was performed to 
determine the slope and significance of the correlation between the square-root transformed 
proportion of hypoploidy/hyperploidy and age (Figure 4). A significant correlation was observed 
between acquired hypoploidy frequencies and age (p=0.05). However, no relationship was 
observed between hyperploidy and age.  
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Figure 2. Comparison between hypoploidy and hyperploidy. 
The square root transformed proportions of hypoploidy are compared to the square root 
transformed proportions of hyperploidy. n =10, p < .0001 
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Figure 3. Frequencies of chromosomal hypoploidy. 	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  B.	  
	  
Figure 4. Relationship between hypoploidy/ hyperploidy and age. For both hypoploidy and 
hyperploidy, the square-root transformed proportions were plotted against each individual,s age.  
(A.) The relationship between hypoploidy and age. n = 10, r = .64, p= .05 
(B.) The relationship between Hyperploidy and age. n= 10, r= -.17, p= .65 	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Age-related chromosome-specific aneuploidy 
Because we did not have older females in our sample we did not include the data 
collected from the female twins in our assessment of acquired autosomal aneuploidy with age 
(this was done to avoid any possible gender effect/bias). However, the female twin data was used 
to evaluate the X-chromosome acquired aneuploidy frequencies. Both autosomal loss and sex 
chromosome aneuploidy were analyzed in men.  
To assess a possible correlation between specific-chromosome proportions of hypoploidy 
and age, and to determine which chromosomal losses increased with age, a Pearson correlation 
was performed. The square-root transformed proportion of each chromosome hypoploidy 
frequency was plotted against the individual’s age in order to assess whether a specific 
chromosome’s loss rate increased with aging. Regression analysis was performed to determine 
the slope and significance of the correlation between them. The correlations and P-values are 
summarized in Table 9. In men, a highly significant positive correlation was observed between 
Y-chromosome loss and age (r = 0.71, p< .00001) but no significant correlation was observed 
between chromosome X loss and age.   The only autosome from the subset studied that showed a 
significant increase with age was chromosome 3 (r = 0.77, p= .001).  In women, a significant 
correlation between X chromosome loss and age was observed, even with the fact that we had no 
older females in our sample (r =0.73, P< 0.01) (Figure 5; Table 9). 
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Table 9. Correlations and p-values between age and chromosome-specific hypoploidy frequencies in males and only the X chromosome frequencies in 
females. 
                               
                                                             Chromosomes               
        2   3   4    7   8     11 12   14 17 18 20 22   Y    X (m)    X (f) 
Correlation                  
(r)  0.06 0.77 -0.38 0.33 0.18 -0.12 0.003 0.29 -0.07 -0.01  0.3 -0.005 0.71 0.16 0.73 
 p-values 0.83 0.001 0.12 0.23 0.47 0.67   0.99 0.24 0.65 0.96 0.23   0.98 6.9X10-09 0.27   0.008 
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Figure 5. The correlation between age and specific chromosomes with significant levels  
(A.)The correlation between chromoosme Y and age 
(B.) The correlation between chromosome X and age 
(C.) The correlation between chromosome 3 and age 
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                                                   Discussion 
 
This project was performed in order to assess age-related chromosomal aneuploidy in 
twin pairs of different age groups. The frequency of aneuploidy was analyzed for chromosomes 
2, 3, 4, 7, 8, 11, 12, 13, 14, 17, 18, 20, 22, X, and Y, using tri-color FISH. As expected, when the 
frequency of hypoploidy was compared to the frequency of hyperploidy, acquired losses were 
seen significantly more often than acquired gains. The frequency of acquired hypoploidy was 
correlated with age, while the frequency of hyperploidy was not correlated with age. Age-related 
chromosome-specific analyses revealed that the correlation between hypoploidy and age was 
mainly attributed to the loss of the Y chromosome in males and the X chromosome in females. 
Chromosome 3 was shown to be the only autosome that had loss frequencies that correlated with 
age in males.  
In men, a highly significant correlation between Y chromosome loss and age was 
detected.  This correlation was also observed by other investigators who performed studies on 
cultured lymphocyte metaphases (Jacobs et al., 1963; Pierre and Hoagland., 1971; Galloway and 
Buckton., 1978; Nowinski et al., 1990), cultured lymphocyte interphases (Guttenbach et al., 
1995), binucleated nuclei (Catalan et al., 2000a), and MN  (Nath et al., 1995; Catalan et al., 
1998). Acquired Y chromosome loss has also been reported to occur in other tissues, such as 
interphases of human vascular endothelium (Aviv et al., 2001).  
In contrast, with the exception of chromosome 3, losses of the X chromosome and all 
other autosomes that were included in this study were not correlated with age in men. Only a few 
investigators have seen a correlation between age and acquired autosomal loss (Jarvik et al., 
1976, Catalan et al., 1995, Bakou et al., 2002, Wojda et al., 2006) and these studies were 
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performed on metaphases, MNs, or binucleated cells. Wojda et al (2006) performed a study on 
cultured metaphases obtained from 71 subjects who ranged in age from 21 to 78 years, as well as 
52 centarians.  They detected an overall age-related autosomal loss relationship in men but not in 
women. However, they did not observe a chromosome-specific pattern for their age-related 
losses. Other investigators failed to detect a relationship between age and autosomal loss in 
metaphases (Ford and Russell., 1985; Nowinski et al., 1990; Richard et al., 1993), cultured 
interphases (Guttenbach et al., 1995) or uncultured blood interphases (Mukherjee et al., 1996). 
However, some of these studies were either limited by a small sample size (like this project) or 
by studying only individuals within the reproductive age groups. One of the strengths of our 
study, which was performed on circulating leukocytes, was avoiding the adverse selection effects 
of in vitro culturing conditions, since we studied cells circulating in the blood stream. In this 
study, acquired losses of chromosome 3 were significantly correlated with age in males. It is 
interesting to note that chromosome 3 showed one of the lowest frequencies of loss when 
compared to frequencies of other chromosomes. The differences between different ages were 
very small. However, this increase was highly significant. Interestingly, a telomerase suppressor 
gene, which is thought to restore cellular senescence in immortalized cells, has been localized to 
chromosome 3 (Oshimura and Barrett., 1997). Loss of one of the two copies of this telomerase 
suppressor gene could result in immortalization of the cell. One could speculate that the observed 
small increased frequency of acquired loss of chromosome 3 is an indicator of aging (or possibly 
an early step in a cascade of biologically relevant changes). However, analysis of more 
individuals for autosome 3 aneuploidy is important to determine the clinical significance, if any, 
of this finding. Because chromosome 3 showed one of the lowest frequencies of loss when 
compared to frequencies of other chromosomes, and because the differences between loss 
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frequencie in people over a range of ages were very small, caution should be taken when 
interpreting these results.  We were unable to detect a correlation between age and acquired loss 
for autosomes other than for chromosome 3.  Given that the majority of other investigators have 
also failed to detect such an association, this finding may reflect a true lack of an effect. 
Nonetheless, as noted above, caution should be taken when interpreting our data for autosomal 
loss due to the small sample size. However, in this study, the sample size for chromosomes X, Y, 
and 17 was larger than the sample size of the rest of the chromosomes. Nonetheless, we were 
still unable to detect an age effect for the frequency of loss for chromosomes X and  17  in males. 
Only chromosome Y loss showed a highly significant increase with age. 
 Malsegregation of the X chromosome in binucleated cells obtained from males was 
studied by Catalan et al (2000) and its frequency was noted to exceed the frequency of Y 
chromosome malsegregation. In addition, MN studies showed that X chromosome 
micronucleation was over-represented in MN of men in all age groups (Catalan et al., 1998). In 
contrast, we observed very low frequencies of X chromosome loss in our interphase study of 
male leukocytes in all age groups, indicating that cells might loose the X chromatin by 
micronucleation or malsegregation, but these cells may be unable to survive or unable to 
circulate in the blood stream. Alternatively, since the MN studies and malsegregation studies are 
performed on cells that are cultured and treated with cytochalasin B, the frequency of in vitro 
micronucleation or malsegregation could be over/underrepresented from in vivo frequencies. In 
contrast to the micronucleation of the X chromosome, micronucleation of the Y chromosome 
was over-represented in older males only (Catalan et al., 1998). This finding is in an agreement 
with our observation of the over-representation of Y chromosome loss in uncultured leukocytes 
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of older age groups and could indicate the ability of cells that lost the Y chromosome to survive 
and to circulate in the blood stream.  
In women, X chromosome acquired aneuploidy was the only chromosome analyzed since 
we had only younger age groups of females. Interestingly, despite the young age and small size 
of our sample, we observed a significant relationship between age and chromosome X 
hypoploidy frequency. This result is in agreement with the findings of previous studies that were 
performed using metaphases (Jacobs et al., 1963; Fitzgerald and McEwan., 1977; Galloway and 
Buckton., 1978, Martin et al., 1980; Nowinski et al., 1990); cultured lymphocyte interphases 
(Guttenbach et al., 1995); uncultured leukocyte interphases (Patton et al., 2010); MNs (Richard 
et al., 1994; Hando et al., 1994); and binucleated cells (Catalan et al., 2000a). 
The reason for the positive correlation between sex chromosomal loss and age remains 
enigmatic. The observed high frequency of X chromosome aneuploidy led to the suggestion of 
the occurrence of a chromosome-specific mechanism operating specifically on the X 
chromosome (Martin et al., 1982). Premature centromere division (PCD) of the X chromosome 
is a mechanism that was postulated by Fitzgerald 1975 to explain nondisjunction. Hando et al 
(1994) observed that the intensity of the signals of kinetochores within the MN was less than the 
signals within the main nuclei of the same cell. Using both kinetochore antibodies and X-
chromosome centromeric probes, they showed that 64.9% of the kinetochore negative MN 
contained an X chromosome. They suggested that dysfunctional kinetochore or centromere could 
be the cause of anaphase lagging and production of MN. In addition, the centromere of the Y 
chromosome is one of the smallest centromeres among all centromeres of other chromosome and 
the size could vary from one individual to another (Wevrick and Willard., 1989).  This small size 
could be a predisposing factor for a mechanism that leads to malsegregation specifically or more 
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frequently of the Y chromosome. Micronucleation of the Y chromosome has been shown to be 
over-represented in adult males while X chromatin containing MN were shown to be over-
represented in males of all age groups (Catalan et al., 1998). This observation suggests that there 
may be different mechanisms leading to the loss/micronucleation of the X and Y chromosomes, 
or it could be that the same mechanism occurs for both chromosomes, but it is acquired for the Y 
chromosome at an older age.  
The telomeres of the long arm in the Y chromosome are located near a large 
heterochromatin block, which gives it a unique structure in the human genome (Willard et al., 
1985). Telomere shortening is a well-known mechanism of aging (Hastie et al., 1990; Vaziri et 
al., 1994). A protein-DNA interaction is thought to stabilize the telomere and facilitate its 
attachment to the nuclear membrane (Blackburn., 1991). Thus, Stone and Sandberg (1995) 
suggested that there might be a critical telomeric chromosome stabilizing function that is 
inhibited by the adjacent heterochromatin in the Y chromosome long arm (Reviewed in Stone 
and Sandberg 1995).  
Telomere shortening is a well-known mechanism of aging. Studies showed that the 
telomeres of the inactive X-chromosome are shorter than the telomeres of the active X-
chromosome in females, suggesting that shortening of the telomeres leads to loss of the inactive 
chromosome in females. It is possible that telomeres of the Y chromosome are shorter than the X 
chromosome in men. Therefore, Y- chromosome short telomeres could also be a predisposing 
factor for acquired Y-chromosome aneuploidy that occurs in later ages in men. However, 
Catalan et al (1998; 2000) observed that the frequency of malsegregation and micronucleation of 
the X chromosome exceeds that of the Y chromosome in males.  
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Once aneuploidy occurs, the frequency of aneuploid cells in the circulating blood 
depends on the ability of the cell to survive, divide, and accumulate over time. Yunis et al (1965) 
suggested that the ability of the aneuploid cell to survive depends on how important the missing 
genetic information is to the survival of that cell.  Therefore, it makes sense to observe higher 
frequencies of loss of the X chromosome in females and to observe higher frequencies of Y 
chromosome loss in males. This led to the suggestion that the missing X in females is the 
inactive X and not the active X. The fact that the X chromosome is most frequently lost in 
women, while the Y chromosome is most frequently lost in males, in addition to the fact that 
chromosome X is not observed to increase with aging in men, is consistent with theoretical 
expectations of this hypothesis. It is more likely that the aneuploid cells observed in women are 
those that lost the inactive X chromosome and that cells that lost the X chromosome in men are 
unable to survive. Whether both the active and the inactive X chromosomes are equally lost and 
whether the resulting cells have different capabilities to survive, or whether there is a specific 
mechanism involving loss of the inactive- X, still remains unclear. Studies conducted using 
various techniques, showed contradictory results with different conclusions. Labeling the late 
replicating X in lymphocyte metaphases using BrdU pulse treatments has shown that the Xi had 
higher aneuploidy frequencies in metaphases of older women (Abruzzo et al., 1985). However, 
studies performed on MNs or on anaphase-telophase-stage cultured lymphocytes showed that 
both Xs were equally incorporated into the MN or to the laggards (Surralles et al., 1996; Catalan 
et al., 2000b). Thus, the role that X inactivation plays in an X chromosome’s propensity for 
acquired loss remains unclear.  
In summary, hypoploidy increases with age and is mainly attributed to loss of the X 
chromosome in women and loss of the Y chromosome in males. Chromosome X hypoploidy is 
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rarely observed in interphases of males. Autosome 3 loss is the only autosomal loss that was 
found to increase with age and the association between other autosomes’ aneuploidy and age 
remains unclear. Larger sample size is needed to further investigate the relationship between 
autosomal loss and age and to be able to conduct twin studies. 
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Chapter 3 
 
Age-related Y chromosome Aneuploidy 
Twin study 
 
             Introduction 
 
Acquired Y chromosome aneuploidy is a well-characterized phenomenon in human 
aging. This phenomenon has been especially evidenced in bone marrow samples obtained from 
men older than 40 years (Reviewed in Stone and Sandberg 1995). It has also been observed in 
cultured lymphocyte metaphases (but in lower proportions) (Guttenbach et al., 1995) and in 
interphase nuclei from different tissues, including uncultured human leuckocytes and human 
vascular endothelium (Mukherjee et al., 1996; Aviv et al., 2001 respectively).  
While it is widely accepted that Y chromosome loss is an age-associated characteristic, 
the clinical significance of the observed Y chromosome aneuploidy remains inconclusive.  Also, 
the effect of culturing conditions on the frequency of Y chromosome aneuploidy remains 
unclear. Y chromosome loss is observed less frequently in cultured human lymphocytes than in 
bone marrow samples. The rate of chromosome Y loss in the bone marrow of men is similar to 
the rate of X chromosome loss in cultured lymphocytes from women, but surprisingly, X 
chromosome loss is not observed in bone marrow samples from older women.  (Reviewed in 
	   54	  
Stone and Sandberg., 1995). Most of the studies that have been completed to assess the effects of 
in vitro culturing were performed on either overall chromosomal aneuploidy or X-chromosome 
aneuploidy, but not specifically on Y chromosome aneuploidy (Richard et al., 1993; Gallway and 
Buckton., 1978; Guttenbach et al., 1995; Surralles et al., 1996a; Catalan et al., 2000; Patton et al., 
2010).  In women, a recent study showed that there is a significant effect of culturing conditions 
on X chromosome aneuploidy, with losses being observed more frequently in cultured 
lymphocytes than in uncultured blood leukocytes (Patton et al., 2010). Interphase studies of 
uncultured leukocytes from males are very few and little is known about the Y- chromosome loss 
frequency in normal individuals’ blood samples and about the effect of culturing on chromosome 
Y loss. A study that was performed by Mukherjee et al 1996 included only 6 males: three young 
males (ages 21, 22, and 22) and three older males (ages 50, 52, and 66). A trend of an increase in 
Y chromosome loss with age was observed in uncultured interphases but no significant increase 
was concluded, possibly due to the small sample size. A study that was performed by Guttenbach 
et al (1995), tested the effect of culturing conditions on chromosome aneuploidy frequencies. 
Uncultured isolated lymphocytes were compared to 48 hrs and 72 hrs cultures. No culturing 
effect was observed. However, they compared uncultured lymphocytes to cultured lymphocytes 
and chromosome Y aneuploidy was compared only in 4 men, who varied in age from 18 to 52 
years.  
 The clinical significance, if any, of Y chromosome loss remains unclear. Y chromosome 
loss is well investigated in bone marrow tissues. It has been shown to be associated with many 
hematological disorders, such as myelodysplastic syndrome (MDS) and acute myeloid leukeamia 
(AML) (Li-jun et al., 2007; Wong et al., 2008). When patients with hematological disorders were 
compared to control patients without evidence of a hematological disease, a significantly higher 
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frequency of Y chromosome loss was observed in the hematological diseased group (Li-Jun et 
al., 2007). Wong et al (2008) concluded that Y chromosome loss is an age-related phenomenon. 
However, it was suggested that in individuals who had no normal dividing cells in the bone 
marrow (all cells were hypoploid for the Y chromosome under cytogenetic analysis), Y loss 
could be indicative of AML/MDS). Alterations involving the number of Y chromosomes were 
also shown to be associated with different types of malignant human tumors, including prostate 
cancer, bladder cancer, and esophageal carcinoma. In addition, loss of the Y chromosome was 
found as the sole abnormality in a five-year old boy diagnosed for malignant sertoli tumor (Aly 
et al., 1993). In another study, it was suggested that Y chromosome loss is involved in the 
transformation of benign nerve tumors to malignant peripheral nerve sheet tumor (MPNST) 
(Jeong et al., 2010). 
Loss of the Y chromosome in men appears to be a benign, age-related phenomenon in 
some cases, but a predisposing factor for the development of cancer in others. One hurdle for 
understanding the biological significance of Y chromosome loss is the lack of information 
available regarding acquired Y chromosomal aneuploidy frequencies in normal, healthy males. 
For this reason it is important to conduct more studies regarding Y chromosomal loss in 
interphase blood cells. Establishing a normal range for different age groups could be used for 
screening purposes and might help in an early detection of diseases and abnormalities. For 
example, if a 10-year old boy shows a frequency of Y chromosome hypoploidy that is not 
normally observed in a boy of this age, this could be indicative of an abnormality or a disease. 
For healthy males, these studies would best be completed using blood samples, since this 
specimen collection process is less invasive than the collection of bone marrow samples.  
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Factors leading to chromosome Y aneuploidy, and to the observed variability in 
frequencies between individuals remain enigmatic. Both genetic and environmental factors are 
thought to have a role in the acquisition of age-related Y chromosomal loss, but the extent to 
which each factor plays a role is unknown. Is the frequency of acquired Y chromosome 
aneuploidy genetically programmed in males? Are there any inherited, specific chromosomal 
factors that cause an increased frequency of non-disjunction or micronucleation of the Y 
chromosome in some individuals more than others? Is acquired Y chromosomal aneuploidy 
environmentally influenced? Could some environmental factors, such as smoking or stress, 
influence and increase the rate of aneuploidy in some individuals? Twin studies are a very 
powerful approach for answering these types of questions. One can estimate the contribution of 
the genetic/ environmental effect on a trait by comparing the values seen in monozygotic (MZ) 
twin pairs to those noted in dizygotic (DZ) twin pairs. MZ twins share 100% of their genetic 
information and 100% of their common environment, while DZ twins share only 50% of their 
genes and 100% of their common environment. Therefore, any differences within the MZ twin 
pair will be due to unique environmental effects. If the correlation between MZ is larger than the 
correlation between DZ twins that would indicate that genetic factors do play an important role. 
In contrast, if the correlations were similar in both, that would indicate that environmental factors 
play an important role.  
In the present study we analyzed the frequency of Y chromosomal aneuploidy in 
uncultured interphase leukocytes obtained from 26 twin pairs of different ages (7-80 year olds). 
The primary aims of this study were to: (1) Assess the frequencies of acquired Y chromosomal 
aneuploidy in uncultured leukocyte interphases; and (2) Determine whether the rates of the 
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observed acquired aneuploidy frequencies were more heavily influenced by genetic or 
environmental effects. 
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Materials & Methods 
 
 
Samples 
 
After obtaining their informed consent (VCU IRB protocol #179), blood samples were 
collected from twin pairs who were recruited from the Mid-Atlantic Twin Registry (MATR).  
Participants included 26 male twin pairs ranging in age from 7 to 80 years. From each 
participant, approximately 20 ml of blood was collected in sodium heparin tubes and a brief 
questionnaire on health history and environmental exposures was completed. The twins also 
provided buccal smear samples for a parallel study on acquired aneuploidy frequencies that was 
being completed in the lab. 
 
DNA Isolation and Zygosity testing 
Genomic DNA was isolated from whole blood using the Puregene DNA Isolation Kit 
(Qiagen).  Zygosity was determined using 13 highly polymorphic short tandem repeat sequences 
(AmpFlSTR Profiler Plus and Cofiler kits, Applied Biosystems, Foster City, CA) according to 
the manufacturer’s protocol.  
 
Peripheral blood cell culture and harvest 
Upon sample arrival, duplicate lymphocyte cultures were established and harvested for 
each study participant according to standard procedures (Rooney & Czepulkowski., 1992). 
Briefly, a total of 3 ml of blood was gently layered onto a 3 ml histopaque tube. Following 
spinning, the buffy coat layer was aspirated and placed into a new, sterile centrifuge tube. Sterile 
phosphate buffered saline was added to a total volume of 12 ml per tube. After centrifugation, 
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the supernatant was removed and discarded. The cells were then resuspended in 10 ml of 
supplemented phytohemagglutinin (PHA) culturing media and seeded into a flask. Lymphocytes 
were cultured for 72 hours at 37 °C after culture initiation.  To arrest the dividing cells at the 
metaphase stage, 0.1 ml colcemid was added 20 minutes prior to harvest. Cells were then 
incubated at 37°C in a 0.075M KCL hypotonic solution for 20 minutes and then fixed in cold 
Carnoy’s fixative (3:1 methanol: acetic acid). Cell pellets were stored at -20 °C.  
 
Cultured lymphocyte slide preparation and metaphase analysis 
Slides were prepared by dropping the cell suspension onto fix-cleaned slides. The slides 
were then aged on a hotplate at 60 °C for one hour. To evaluate the participant’s constitutional 
chromosomal complement, GTG-banding chromosomal analysis was completed according to 
standard techniques (Barch., 1991).  A minimum of 10 metaphase spreads from each study 
participant was analyzed. For each twin, two representative metaphase spreads were documented 
and karyograms prepared using the Applied Imaging Cytovision system. 
 
Cultured lymphocyte FISH analysis 
Tri-color FISH, using chromosome enumeration probes specific for chromosomes 17, X, 
and Y, was performed according to the manufacturer’s protocol (Abbott Molecular, Vysis). 
Centromeric enumeration probes (CEP) were used to identify each chromosome. Briefly, the 
slides and probe sets were denatured separately. The slide DNA was denatured by adding 100 µL 
of a 70% formamide solution and heating at 72 °C for 3 minutes. The slide was then placed in 
cold water for 1 minute followed by a 2-minute series of cold ethanol (70%, 85%, 100% ETOH). 
The slide was left to air-dry. The probe mixture was denatured in a 93.6 °C pre-warmed dry heat 
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block for 5 minutes and then placed on ice for 30 seconds. A total of 10 µL denatured probe 
mixture (1 µL from each of the three tri-color probes + 7 µL of hybridization buffer) was added 
to the denatured slide, which was then placed in a 37 °C humidified chamber overnight. The 
following day, excess probe was washed using 0.4 X ssc/0.3% NP-40 at 72 °C, followed by 2X 
SSC/0.1% NP-40 wash at room temperature for 2 minutes each. The slides were then air-dried 
and counterstained with a DAPI II/antifade solution.  
Signals were scored using a Zeiss epifluorescent Axioscope equipped with single 
(Spectrum Orange, Spectrum Green, Spectrum Aqua; Vysis) and triple band pass filters (Omega 
Optical). A total of 1000 randomly selected cultured interphase nuclei were analyzed per each 
chromosome. 
 
Uncultured peripheral blood smear preparation 
Peripheral blood smears were prepared by applying 12 to 15 µL of mixed whole blood to 
the upper edge of a clean slide. The blood was then spread along the length of the slide with a 
second slide (spreader), with even pressure being applied to result in an even distribution of cells 
over the slide area.  After spreading the blood, the slides were allowed to air-dry and age 
overnight at room temperature before being stored at -20 °C. A total of 10 slides were prepared 
per each participant.  
 
Uncultured blood smear FISH studies 
Tri-color FISH, using chromosome enumeration probes specific for chromosomes 17, X, 
and Y, was performed according to the manufacturer’s protocol (Abbott molecular, Vysis).  
Centromeric enumeration probes (CEP) were used to identify each chromosome. Briefly, the 
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uncultured blood smears were fixed in 3:1 methanol: acetic acid, placed in 90% formamide 
solution at 37 °C, and then dehydrated in an ethanol series of 70%; 85%; 100% at room 
temperature. Two probe combinations were applied per slide (each combination on one half of 
the slide). A total of 10 µL probe mix (1 µL from each of the three tri-color probes + 7 µL of 
hybridization buffer) was applied onto a half slide area. For denaturation, the slide was placed 
onto a thermocycler for 10 minutes at 75°C and then allowed to hybridize overnight at 37°C. 
Washing was carried out the next morning in a 0.4 X SSC solution for 2.5 minutes at 72°C, 
followed by rinsing in 1 XPBD for 2 minutes at room temperature. The slides were 
counterstained by applying 15 µL of a DAPI II/antifade solution to the entire length of the slide.  
Signals were scored using a Zeiss epifluorescent Axioscope equipped with single 
(Spectrum Orange, Spectrum Green, Spectrum Aqua; Vysis) and triple band pass filters (Omega 
Optical). A total of 500 randomly selected interphase nuclei were analyzed per each 
chromosome. 
 
Buccal mucosa smear preparation  
Each study participant received instructions for collecting his own buccal mucosa sample. 
After rinsing their mouths with water, the study participants scraped the inside of their cheeks 
with a damp toothbrush. The collected cells were then spread directly onto positively-charged 
slides (Fisher Scientific) and air-dried. Upon receipt in the lab, these buccal smears were stored 
at 20 °C until FISH was performed. 
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Buccal smear FISH studies 
Buccal smear slides were soaked in cold 1:1 (methanol: acetic acid) fixative for 30 min 
(x2) and were then air-dried. After drying, the slides were incubated in pretreatment solution (VP 
2000) (Vysis) for 26-30 min at 37°C. After pre- treatment, the slides were rinsed in 2XSSC for 
30 s, transferred to a glycerol solution (20 ml glycerol mixed with 20 ml of 0.25 SSC) for 30 min 
at 45 °C, rinsed in 2X SSC for 1 min, and then soaked in 3:1 fixative for 2 min at room 
temperature. After air-drying, FISH was done according to the probe manufacturer’s (Vysis) 
protocol, using enumeration probes for chromosomes 17, X, and Y.  
Signals were scored using a Zeiss epifluorescent Axioscope equipped with single 
(Spectrum Orange, Spectrum Green, Spectrum Aqua; Vysis) and triple band pass filters (Omega 
Optical). A total of 1000 randomly selected interphase nuclei were analyzed per each 
chromosome. 
 
Statistical analysis 
The R program was used for all statistical computations.  An intraclass correlation 
coefficient (ICC) was performed to determine the MZ twin pairs correlation and the DZ twin 
pairs correlation. A proportion test was perforomed to test if there was a significant difference in 
proportions of Y-chromosome loss between uncultured blood and cultured blood, between 
uncultured blood and buccal mucosa, and between cultured and buccal mucosa of a 79 year old 
man. A paired t-test was performed to test the significance of the difference in Y chromosome 
loss frequencies between uncultured blood and buccal mucosa of four individuals.  
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                                                                           Results  
 
Metaphase analysis 
Upon standard GTG-banding metaphase analysis, all participants showed normal 
karyotypes, with no consistent abnormalities being seen.  
 
Zygosity testing 
Zygosity testing based on concordant/discordant polymorphic markers, showed that out 
of 52 males, 16 pairs were MZ twins and 10 pairs were DZ twins.  
 
Uncultured blood acquired aneuploidy analysis 
Aneuploidy frequencies of the Y chromosome were assessed in each of the 52 males 
(Table 10).  
 
Y chromosome acquired aneuploidy: 
Out of 52 males, the highest level of chromosome Y hypoploidy was 63% , which was 
observed in a 79 year-old man, followed by a frequency of  15%, which was observed in a 75 
year-old man.  Due to the outlier nature of the 63% finding, this individual was not included in 
the assessments of the relationship between age and Y chromosome aneuploidy or in the twin 
study analyses (Figure 6). However, additional studies were completed (see below) to further 
evaluate this observation. The lowest level of hypoploidy was zero (no aneuploidy noted in the 
500 cells scored), which was observed only in the younger individuals with an age range 
between 7 and 31 years.  For this younger age group the frequency of loss ranged from 0% - 
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0.4%. The frequency of loss in individuals who were 30-50 years old ranged between 0% to 
0.8%. For individuals 56 years of age or older, the range of loss was between 0.2% to 63% 
(Figure 6; Table 10). Pearson correlation was assessed and the transformed square-root 
proportion of chromosome Y hypoploidy was plotted against each individual’s age. To 
determine the slope and significance of the correlation between them, a regression analysis was 
performed (r = 0.71, p <.00001) (Figure 5a) 
 
Confirmation of atypical Y chromosome loss frequencies: 
To confirm that the high frequency of loss observed for the 79 year-old was a 
reproducible finding (and not reflective of a technical factor such as low efficiency of probe 
hybridization) a second FISH analysis of uncultured blood interphase nuclei from the same 
individual was performed using a different Y chromosome probe. This second probe used was 
one that is specific for the large heterochromatic region on the long arm of the Y chromosome 
(DYZ1). The observed frequency of loss using this probe was 56%, which is not significantly 
different from the previous estimated frequency of 63% using the pericentromeric probe (DYZ3) 
(Figure 7). Thus, the observed high frequency of loss in this male was a reproducible finding and 
was not attributable to technical factors.  
To determine if the frequencies of acquired aneuploidy varied in cultured compared to 
uncultured cells from this male a FISH analysis was performed on cultured lymphocyte nuclei. 
The frequency of Y chromosome hypoploidy in cultured lymphocytes was 5.9%, which is 
significantly less than the value observed in the uncultured blood cells (63%) (p<.0001)     
(Figure 7). 
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To determine if the frequency of Y chromosome loss was seen in uncultured cells from a 
different tissue in this 79 year old male, nuclei from a buccal mucosa smear were also analyzed. 
These cells had a hypohaploidy frequency of 5.2%, which is significantly less than the value 
seen in the uncultured blood cells, but not significantly different from the frequency noted in the 
cultured lymphocytes (Figure 7). 
To further assess the variation between tissues, buccal musoca smears from three other 
males, who were selected on the basis of their having relatively high frequencies of chromosome 
Y loss in uncultured blood samples (Figure 8; Table 11), were also analyzed using FISH.  For 
each of these males (Table 11), the frequency of loss observed in the buccal cells tended to be 
lower than the value observed in the uncultured blood nuclei, but was not significant different.  
 
Estimation of the genetic/environmental effect on Y chromosome hypoploidy: 
Due to the small sample size (15 MZ pairs and 9 DZ pairs), caution should be taken when 
interpreting these results, with a larger sample size being needed for model fitting analyses, 
which would allow one to partition the variation between additive genetic, common 
environment, and/or unique environmental influences. However, to gain some insight as to the 
possible genetic/ environmental effects on acquired aneuploidy frequencies, an intraclass 
correlation coefficient was estimated for the MZ and DZ twin pairs. The correlation for MZ 
twins was (0.42), while for DZ twins it was (0.32). This data suggests a heritability value of 
20%. However, this analysis was completed using data from all twin pairs  (young and older) 
(table 10). This sample included 7 MZ pairs who were younger than 40, while only 1 DZ twin 
pair was younger than 40 years. Since aneuploidy starts to increase after the age of 40. To 
discern if there might be an age-related change in heritability, the data was re-analyzed using 
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only twin pairs older than 40. In this revised analysis, the correlation for MZ twins was 0.62, 
while for DZ twins it was 0.2. Thus, the heritability for the older males was estimated to be 84%. 
This result suggests that genetic factors play an important role in influencing acquired Y 
chromosome hypoploidy frequencies in older individuals. The data also suggest that unique 
environmental factors play a role in acquired aneuploidy frequencies, suggesting that 
chromosome Y aneuploidy is a multifactorial phenotype. However, because a small number of 
twin pairs were analyzed, a larger sample size is needed to derive more accurate conclusions.  
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Table 10. Frequencies of chromosome Y hypoploidy in MZ (Left) & DZ (Right) twin pairs                                                                                            
  Chromosome    
    
Chromosome 
 MZ twin pairs Age            Y   DZ twin pairs   Age            Y 
       
1 7 0.4  1 12 0 
 7 0   12 0 
2 9 0  2 43 0.2 
 9 0   43 0.2 
3 10 1  3 56 1.4 
 10 0   56 1.6 
4 12 0  4 63 2.2 
 12 0.2   63 2.6 
5 30 0  5 64 4.4 
 30 0.2   64 3.6 
6 31 0  6 75           2.8 
 31 0.2   75 15 
7 32 0.8  7 75 4 
 32 0.2   75 8.2 
8 43 0.6  8 75 8.8 
 43 0.2   75 4 
9 44 0.2  9 78 2.4 
 44 0.6   78 2 
10 50 0.6             10* 79 63 
 50 0.4   79 5 
11 60 1.2     
 60 1     
12 64 1.4     
 64 0.8     
13 65 1.6     
 65 2.2     
14 77 1.8     
 77 2.2     
15 79 0.2     
 79 0.2     
16 80 0.4     
  80 2.8         
* This twin pair was not included in the twin study    
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Figure 6. Y chromosome aneuploidy frequencies in uncultured leukocytes obtained from men 
with different age groups (N=52). 	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Figure 7. Confirmation of atypical Y chromosome aneuploidy frequencies in uncultured 
leukocytes and comparison of Y chromosome aneuploidy frequencies between different tissues 
obtained from a 79 year-old man.  
Uncultured Blood 1: First FISH analysis of uncultured leukocyte nuclei using Y chromosome 
pericentromeric probe (DYZ3). 
Uncultured Blood 2: Second analysis of uncultured leukocytes nuclei using Y chromosome 
probe specific for the large heterochromatic region on the long arm of the Y chromosome 
(DYZ1). 
Cultured lymphocytes: FISH analysis of cultured lymphocyte interphases using Y chromosome 
pericentromeric probe. 
Buccal Mucousa: FISH analysis of Buccal Mucousa nuclei using Y chromosome pericentromeric 
probe.  	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Table 11. Frequencies of chromosome Y hypoploidy in uncultured blood and buccal 
 mucousa 
       
                 Chromosome Y loss   
Individual Uncultured blood Buccal mucousa   
1 63 5.2   
2 5 0.2   
3 4 0.8   
4 8.8 1.6   
     
    Mean 20.2 1.95   
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Figure 8. Comparison of Y chromosome aneuploidy frequencies between uncultured leukocytes 
and buccal mucousa nuclei (N = 4).  	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                                                                    Discussion 
 
Frequencies of Y chromosome age-related loss are well established in bone marrow 
tissues, being observable in males older than 40 years. A rate of 10% of Y-loss has been 
observed in men between 40-50 years, while a rate of 20-30% has been observed in men between 
60-80 years, and a rate of 75% has been shown to occur in men older than 80 years. It is well 
known that frequencies of Y chromosome hypoploidy in bone marrow are much higher than 
what is observed in cultured lymphocytes (Reviewed in Stone and Sandberg 1995), but there is a 
dearth of information regarding the frequency of acquired aneuploidy in uncultured leukocytes. 
In the present study, the lowest level of hypoploidy seen in uncultured nuclei was zero percent 
and was observed only in younger individuals with an age range between 7 and 31 years old. The 
frequency of loss was highest for men who were 56 years old or older, with a significant 
correlation being noted between acquired Y chromosome loss frequencies and age. The 
frequencies of Y chromosome aneuploidy observed in our study of uncultured leukocytes are 
consistent with values noted in other studies that were performed using bone marrow samples in 
that they correlate with age, with the effect being noted in individuals older than 40 years. 
Furthermore, the frequencies appeared to follow a near linear increase with age.  One could 
speculate that a high frequency of Y chromosome loss observed in some males could be an 
indicator that loss frequencies are very high in the bone marrow and that there may be a small 
number of normal cells left in the bone marrow, with the hypoploidy cells starting to circulate in 
the blood stream.  
Unexpectedly, we noted one male who had very high levels of hypoploidy (63%) in his 
uncultured blood sample compared to the frequency of Y-loss in cultured lymphocytes (5.9%) 
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and buccal mucosa cells (5.2%). Since the lower value was seen in the buccal cells (different 
tissue type), it seems unlikely that this difference in frequency is due solely to in vitro culturing 
effects.  An alternative explanation for the observed difference in the cultured versus uncultured 
blood cells is that the cultured preparation selectively stimulate T cells, while the uncultured 
smear is a mix of different types of cells.  
In the bone marrow tissue, Y chromosome loss is often observed in samples from males, 
but X chromosome loss is not observed as much in bone marrow samples of females.  In 
contrast, in cultured lymphocytes, X chromosome aneuploidy is highly observed in samples of 
females, while Y chromosome is less frequently observed in male lymphocytes. When interphase 
FISH techniques emerged, investigators were able to study the effect of culturing conditions on 
the true in vivo frequencies of aneuploidy. Some investigators showed that there is no effect of 
culturing conditions on X chromosome aneuploidy, but these studies were limited by small 
sample sizes or by analyzing the overall chromosomes levels and not the effect on specific 
chromosomes (e.g. Richard et al., 1993; Guttenbach et al., 1995). In a recent study (Patton et al., 
2010), a significant culturing effect on the frequency of X chromosome aneuploidy was detected 
for females, with cultured lymphocytes having higher frequencies than uncultured leukocytes. 
This study was performed on a large number of interphase cells obtained from a defined 
population of women with normal fertility. The authors suggested that more investigation is 
needed to clarify the effect of chromosome culture on acquired aneuploidy in other patient 
groups, including older women and those with infertility. Interestingly, in our study, culturing 
conditions seem to affect Y chromosome aneuploidy but in an opposite direction, being observed 
more frequently in uncultured leukocytes than in cultured lymphocytes. While this trend is in 
agreement with the previously noted bone marrow/cultured cell findings, since this comparative 
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data was obtained for only one individual, studies of more males are needed to clarify the effect 
of culturing conditions on chromosome Y aneuploidy.  
All leukocytes originate from hematopoietic stem cells in the bone marrow. Mature 
granulocytes and monocytes are produced only from the bone marrow. However, mature 
lymphocytes are originally derived from the bone marrow but are then stored, and more new 
lymphocytes can be produced in other lymphatic tissues such as the lymph node. The circulating 
blood normally consist of 54-62% neutrophils , 25-33 % lymphocytes, 2-10% monocytes, 1-6 
eosinphils and <1% basophils. Uncultured leuckocyte FISH analyses allow for the detection of 
aneuploidy frequencies of the circulating blood, which could be about 67 -75 % representative to 
the health of the bone marrow and about 25-33% representative to the health of both the bone 
marrow and lymphatic tissues. The high frequency of X chromosome aneuploidy detected in 
cultured lymphocytes of females could be indicative of increased aneuploidy in their 
lymphocytes or lymphatic tissues while in males Y chromosome loss happens more in the bone 
marrow and therefore is affected by culturing and is not observed as much in cultured 
lymphocytes. Alternatively, one could conjecture that X chromosome aneuploid cells may have 
more capability to divide when cultured in vitro, while chromosome Y aneuploid cells have less 
capability to divide in vitro.  
If aneuploidy is detected in the circulating blood in high frequencies, this finding may be 
indicative of an underlying health condition that originated from either the bone marrow or 
lymphatic tissues. Therefore, establishing the normal range of age-related Y chromosomal loss in 
uncultured human blood could be very useful for screening purposes. It is unknown if the high 
frequency observed in some individuals indicate that there is even much higher frequencies of 
loss in their bone marrow tissues. More studies should be performed to compare the frequencies 
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of aneuploidy in bone marrow and uncultured leukocytes. Because obtaining bone marrow 
samples is invasive, it is usually obtained from patients for diagnostic/ treatment purposes and 
not from normal individuals. Blood samples are easily obtained and less invasive than bone 
marrow samples. It would be important to investigate the frequencies of aneuploidy in 
uncultured blood samples from patients and compare them to the frequencies of aneuploidy in 
uncultured blood from normal individuals.  
Some types of leukemia are observed more frequently in males (males have higher risk to 
develop the disease) and are observed in men who are 40 years or older. Therefore, one would 
question if there is any association between Y chromosome aneuploidy and these leukemic 
diseases. However, a shared risk factor for both increased risk of hematological disease and Y 
chromosome aneuploidy is also possible. For example, smoking could be a risk factor for 
developing leukemia and also could be a risk factor for having a higher frequency of acquired Y 
chromosome aneuploidy, even though Y chromosome aneuploidy could be independent of 
leukemia (not a causing factor).  
When frequencies of chromosome Y aneuploidy were compared between uncultured 
blood and buccal mucosa tissues in four individuals no significant differences were observed; 
probably due to the small sample size (4 individuals). Thus, the question of differences in Y 
chromosome aneuploidy frequencies  between tissues remains unresolved from the data collected 
in this pilot project.  
 By studying twins we were able to estimate the extent of genetic/environmental effects 
on chromosome Y aneuploidy. The correlations between MZ twin pairs were larger than the 
correlations between DZ twin pairs, with heritability estimates being higher in the older (84%) 
compared to younger (20%) males. Typically, these results would suggest that a genetic basis 
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that plays a role in influencing Y chromosome hypoploidy in older individuals. It is also thought 
that unique environmental factors play a contributory role. However, because we had a small 
number of twin pairs analyzed, a larger sample size is needed to make more accurate 
conclusions.  
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                                                      Chapter 4 
 
Limitations of interphase FISH analysis leading to overestimations 
of autosomal hypoploidy frequencies in uncultured  interphase  leukocytes 
 
Fluorescence in situ hybridization (FISH) is one of the most widely used techniques in 
the molecular cytogenetic era. This method has been a valuable tool that has been utilized for 
diagnostic testing, as well as cytogenetic research purposes. Despite the many advantages of the 
FISH technology, there are some limitations that can affect the reliability of the results. These 
limitations are especially important when the purpose of using this technique is for detecting 
small numbers of aneuploidy, such as those which are acquired with aging (or with the 
assessment of low levels of mosaicism).  
Advantages of the FISH technology are numerous. FISH probes can be designed to detect 
a variety of chromosomal anomalies, including numerical and structural abnormalities. The 
emergence of FISH technology has enabled investigators to score large numbers of cells in a 
relatively short time (especially when compared to analyses using standard banding techniques, 
which are much more labor intensive and require an extremely high level of experience for 
accuracy in assessment). Scoring large numbers of cells increases the sensitivity of the assay for 
detecting even very low frequencies of abnormalities. In addition, the interphase-FISH 
technology has allowed for the analysis of various types of tissues, such as buccal cells, 
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uncultured blood cells, bone marrow cells, brain cells, and amniotic fluid tissues. Even non-
dividing cells or cells that cannot be cultured in vitro can be conveniently analyzed with this 
powerful technique. Indeed, this method is preferable for studying cells when culturing 
conditions are thought to be affecting the reliability of the true in vivo frequency of an 
abnormality.  
While FISH approaches offer many technological advantages, this technique also has 
some weaknesses. When applied to interphase nuclei, one limitation of this methodology is that 
the FISH assay can only provide information about the sequences targeted in the probe, with one 
having an inability to visualize the entire chromosome(s) under investigation. This shortcoming 
is of particular importance to investigators performing population-based surveys to determine the 
frequencies of acquired aneuploidy for a large number of chromosomes. In these types of studies 
researchers tend to use a single probe that is specific for the chromosome(s) being evaluated, 
with these assessments frequently being performed on interphase nuclei. Typically, centromeric 
probes are used for enumeration studies. However, due to the lack of centromeric probes that are 
specific for chromosomes 5, 13, 14, 19, 21, and 22 (without cross hybridization to other 
chromosomes), locus specific identifier (LCI) probes must be used to assess the number of 
signals present for this subset of chromosomes. When FISH signals are interpreted, one signal is 
indicative of loss (possible monosomy or a deletion), while two signals are consistent with a 
diploid complement for the region assessed. However, the interpretation of FISH results is not as 
easy as “counting dots”. Homologous chromosome pairing, overlapping of chromosomal signals, 
reduced efficiency of hybridization, and cross hybridization are some of the limitations of the 
interphase FISH technology.   
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Homolog chromosome pairing has been commonly observed in somatic interphase nuclei 
from several organisms, including Drosophila (reviewed in McKee., 2004). Approaches such as 
FISH and green fluorescent protein tagging of single loci have been used to demonstrate this 
pairing in Drosophila (Reviewed in McKee., 2004). Investigators have also reported this pairing 
to occur between heterochromatic regions in human somatic interphase cells (Haaf et al 1986; 
Arnoldus et al, 1998; Arnoldus et al 1991; Iourov et al., 2005; Iourov et al., 2006).  
     Centromeric probes are probes that are specific for the highly repetitive alpha satellite 
DNA sequences (heterochromatic) and are also adjacent to large blocks of heterochromatin in a 
subset of chromosomes (1, 9, 16, and Y). Centromeric probes are widely used for assessing 
aneuploidy due to their high efficiency of hybridization (almost 100% efficiency of 
hybridization). Unfortunately, because large heterochromatic regions are gregarious (tend to 
aggregate with each other), the two signals of the homologous chromosomes may “fuse” or join 
with one another, resulting in a FISH pattern that appears as a single signal. As a result of these 
contiguous signals, one could misinterpret the FISH pattern to be indicative of a loss, which 
could lead to hypoploidy frequency over-estimation.  
Overlapping of probe signals is another problem that could result in an over-estimation of 
the frequency of hypoploidy. When two signals of the homolog chromosomes are overlapped, 
caution should be taken and the examiner should assess the signals through several focal planes 
to decide whether it is one or two signals. The smaller the analyzed cells, the more chance that 
overlapping of signals will occur, thus leading to interpretation ambiguity. In uncultured blood 
cells, the cells are unstimulated and are not treated with hypotonic solutions.  Thus, the nucleus 
is very small, thereby increasing the probability of signal overlap.  
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Reduced efficiency of hybridization could also confound data interpretation. In general, 
probes that cover smaller regions of the target DNA, such as the locus specific probes, tend to 
have lower hybridization efficiencies than probes that are specific for repeat sequences. The 
efficiency of hybridization for probes would vary depending on the manufacturer and the target 
tissue being assessed, but have been noted to be less than 70% (Iourov et al., 2006) for some 
probes. Therefore, centromeric probes may be preferable for use in studies designed to assess 
aneuploidy frequencies; especially when small, uncultured cells are being evaluated.  
Cross hybridization of the probes and the presence of non-specific background are 
technical aspects that could lead to an increased rate of false positive hyperploidy. However, 
these factors do not appear to be problematic in our aging study since it is relatively easy to 
distinguish true hyperploidy from artifacts (and the frequency of hyperploidy has been quite low 
[see chapter 2]). If a specific probe showed high frequencies of cross-hybridization, more 
stringent washing protocols could be used to alleviate this problem.   
In our research of acquired aneuploidy, we are investigating very low levels/frequencies 
of aneuploidy that are present in apparently normal individuals. Any small misinterpretation of 
the results could lead to false conclusions. Therefore, the primary aim of this current study was 
to determine if the use of multiple probes specific for different regions on the same chromosome 
would allow for improvements in the quantitation of acquired aneuploidy frequencies compared 
to estimates obtained from using a single probe.  
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                                                   Materials & Methods 
 
 
Samples 
 
After obtaining the individuals’ informed consent (VCU IRB protocol #179), blood 
samples were collected from twins who were recruited from the Mid-Atlantic Twin Registry 
(MATR).  For this study, single twins (not twin pairs) were evaluated to ensure that the 
chromosomal complements being scored were independent (thereby allowing for enhanced 
detection of chromosomal variants for the targeted regions that might be present in the 
population). The study group included 11 unrelatetd males and 5 unrelated females, all of whom 
were older than 60 years. From each participant, approximately 20 ml of blood was collected in 
sodium heparin tubes and a brief questionnaire on health history and environmental exposures 
was completed.  
 
Uncultured Peripheral blood smear preparation 
Peripheral blood smears were prepared by applying 12 to 15 µL of mixed whole blood to 
the upper edge of a clean slide. The blood was then spread along the length of the slide with a 
second slide (spreader), with even pressure being applied to result in an even distribution of cells 
over the slide area.  After spreading the blood, the slides were allowed to air-dry and age 
overnight at room temperature before being stored at -20 °C. A total of 10 slides were prepared 
per each participant. 
 
Uncultured blood smear FISH studies 
Tri-color or dual color FISH was used to evaluate the frequency of acquired aneuploidy 
for chromosomes 17 or 9, respectively. The three probes used for chromosome 17 included a 
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centromeric probe (D17Z1; spectrum aqua), an LSI probe specific for the lissencephaly gene 1 
(LIS1; deleted in patients having Miller-Dieker syndrome), which is localized to band 17p13.3 
(spectrum orange), and an LSI probe specific for the RARA gene located at band 17q21.1 
(spectrum green). For chromosome 9, the probes used included a pericentromeric probe (alpha 
satellite; spectrum aqua), and a LSI probe specific for the ABL gene, which is localized to band 
9q34 (spectrum orange). The probes used for this study are summarized in Table 12. FISH was 
performed according to the manufacturer’s protocol (Abbott molecular, Vysis).  
Briefly, the uncultured blood smears were fixed in 3:1 methanol: acetic acid, placed in 
90% formamide solution at 37°C, and then dehydrated in an ethanol series of 70%; 85%; 100% 
at room temperature. Two probe combinations were applied per slide (each combination on one 
half of the slide). A total of 10 µL probe mix (1 µL from each of the three tri-color probes + 7 µL 
of hybridization buffer) was applied onto a half slide area. For denaturation, the slide was placed 
onto a thermocycler for 10 minutes at 75°C and then allowed to hybridize overnight at 37°C. 
Washing was carried out the next morning in a 0.4X SSC solution for 2.5 minutes at 72°C, 
followed by rinsing in 1XPBD for 2 minutes at room temperature. The slides were 
counterstained by applying 15 µL of a DAPI II/antifade solution to the entire length of the slide.  
Signals were scored using a Zeiss epifluorescent Axioscope equipped with single 
(Spectrum Orange, Spectrum Green, Spectrum Aqua; Vysis) and triple band pass filters (Omega 
Optical). A total of 500 randomly selected interphase nuclei were analyzed for each probe. 
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Table 12. FISH multi probes used for chromosomes 17 and 9  
  
                                                        Chromosome 
           17   9   
Probe name CEP 17 (D17Z1) Vysis LSI LIS1 Vysis LSI RARA CEP 9 Vysis LSI ABL 
Locus 17p11.1-q11.1 17p13.3 17q21.1 9p11-q11 9q34 
Type Alpha satellite Locus specific Locus specific Alpha satellite Locus specific 
Flourophore Aqua Orange Green Aqua Orange 
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Results 
 
Uncultured blood analysis 
Acquired aneuploidy studies for Chromosome 17: 
The frequencies of cells showing signal losses are shown in Table 13. For chromosome 
17, the highest frequency of single probe losses (with 2 signals being present for the other probes 
scored) was observed for the centromeric probe (mean of 5.68%), followed by the LIS1 probe 
(3.11%) and the RARA probe (0.76%) (Figure 9 a-c). Cells having a loss of two of the three 
probes were seen in 0.09% to 0.113% of the nuclei scored.  Surprisingly, nuclei having losses of 
all three probes were seen in only 0 to 0.2% of nuclei, with the average frequency of cells having 
losses of all three probes being only 0.025%. The proportion of cells having losses of all three 
probes was significantly lower than the proportion of nuclei having a loss of 1 signal or loss of 2 
signals for the centromeric and LIS1 probes (p <.0001). When compared to proportion of nuclei 
having loss of RARA and LIS1 probes on the same cell, a significant difference was observed 
(p<.05) but not when compared to those having loss of both the RARA and centromeric probes. 
Only two of the 16 individuals studied showed nuclei having a loss of all three probe signals in 
the same cell (probable monosomy)(Table 13).  
 
Chromosome 9: 
For chromosome 9 (Table 14), a loss of signal (1 signal) for the centromeric probe, along 
with 2 signals for the ABL probe, was seen in 1.6% to 7.2% of cells. The mean frequency of loss 
was 4.19%  (Figure 10 a).  For the ABL probe, cells having a loss (1 signal), along with 2 signals 
for the centromeric probe, were seen in 0.6% to 3.8% of the nuclei,  with the mean value being 
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1.74% (Figure 10 b). The frequency of cells that showed loss of both probes ranged from 0% to 
1.2%, with a mean loss frequency of 0.53%. This value was significantly less than the proportion 
of cells having a loss involving only 1 of the 2 probes scored (p<.0001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   86	  
A.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  C.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  
Figure 9. Uncultured leukocytes nuclei with tri-color FISH specific for chromosome 17. The 
orange probe is specific for 17p13.3. The green probe is specific for 17q21.1. The aqua probe is 
chromosome 17 centromeric probe. 
(A.) A nucleus monosomic for the centromeric probe but diploid for the two locus specific 
probes.  
(B.) A nucleus monosomic for the LSI probe specific for 17p13.3 but normal for the other two 
probes. 
(C.) A nucleus monosomic for the LSI probe specific for 17q21.1 but normal for the two other 
probes.  
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Figure 10. Uncultured leukocytes nuclei with Dual-color FISH specific for chromosome 9. The 
orange probe is specific for 9q34. The aqua probe is chromosome 9 centromeric probe. 
(A.) A nucleus monosomic for the centromeric probe but diploid for the locus specific probe. 
(B.) A nucleus monosomic for the LSI probe specific for 9q34, but normal for the centromeric 
probe. 
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Table 13. Frequencies of monosomy when multi probes were used for chromosome 17 
 
  Diploid for the two other probes    Diploid for the remaining probe 
Loss of all 
   probes 
   
Individual Sex Age 
Normal 
   % 
   (CEP) 
monosomy 
      % 
   (LIS1) 
monosomy 
      % 
  (RARA) 
monosomy 
      % 
  (LIS1) 
      &  
  (RARA)  
monosomy  
      %    
  (LIS1)  
      &  
   (CEP) 
monosomy 
      % 
 (RARA) 
     & 
  (CEP) 
monosomy 
      % 
       (CEP)  
       (LIS1) 
      (RARA)  
   monosomy 
          % 
1  M 77 91.8 4.6 2.4 0.6 0.2 0.4 0 0 
2  M 79 91.2 5 3 0.8 0 0 0 0 
3  M 75 86.8 4 7 1.4 0 0.6 0.2 0 
4  M 75 90.6 5.2 2.8 0.8 0.2 0.4 0 0 
5  M 63 86.2 5.2 6.6 1.2 0 0.8 0 0 
6  M 60   90 6.2 2.4 0.4 0 0.8 0 0.2 
7  M 64 89.8 8.2 1.4 0.4 0 0.2 0 0 
8  M 78 89.6 6.4 2.6 0.6 0.2 0.4 0.2 0 
9  M 64 87.4 6.8 4 0.8 0.2 0.8 0 0 
10  M 75 89.6 5.6 3.6 0.4 0.2 0.4 0 0.2 
11  F 85 92.2 5.4 1.4 0.8 0 0 0.2 0 
12  F 79 91.4 5.8 1.8 0.2 0.2 0.4 0.2 0 
13  F 68 89.2 3.8 4.6 1.2 0.4 0.8 0 0 
14  F 69 87.8 5.4 4.4 1 0.2 1 0.2 0 
15  F 74   92 6.4 0.8 0.8 0 0 0 0 
16  M 72 90.6 6.8 1 0.8 0 0.4 0.4 0 
           
Average     89.76 5.68 3.11 0.76 0.113 0.46 0.09 0.025 
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Table 14. Frequencies of monosomy when two probes were used for chromosome 9 
Individual Sex Age Normal 
(CEP) monosomy &  (ABL) 
                diploidy  
(ABL) monosomy & (CEP) 
             diploidy 
(CEP) & (ABL) 
   monosomy 
1  M 77 96.4 2.2 1 0.4 
2  M 79 94.2 3.8 2 0 
3  M 75 92.4 5 2.2 0.4 
4  M 75 93.4 4.2 1.8 0.6 
5  M 63 94.4 4.4 0.6 0.6 
6  M 60 96 2.8 0.8 0.4 
7  M 64 93.6 4.4 1.8 0.2 
8  M 78 90.8 7.2 1.2 0.8 
9  M 64 90.6 6.6 1.6 1.2 
10  M 75 91.8 4.2 3.2 0.8 
11  F 85 95 3.8 0.8 0.4 
12  F 79 93.4 4.4 1.8 0.4 
13  F 68 96.2 1.6 1.6 0.6 
14  F  69 93.4 4 2.4 0.2 
15  F 74 95 3.4 1.2 0.4 
16  M 72 90.2 5 3.8 1 
              
Average     93.55 4.19 1.74 0.53 
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Discussion 
In studies to determine the frequency of acquired aneuploidy in normal, healthy 
individuals, the level of gains or losses can be quite low.  Thus, the detection of these low 
frequencies requires the use of very sensitive and specific techniques, such as FISH, to detect the 
small changes that are acquired with age. In our studies, uncultured leukocyte nuclei loss 
frequencies for chromosomes 17 and 9 were among the highest seen for the autosomes we 
evaluated in our full data set of 67 twins. Both of these chromosomes have large heterochromatic 
centromeric repeats, with chromosome 9 also having a large heterochromatic region in its 
proximal long arm that is contiguous to the centromere. When scoring these chromosomes, using 
centromeric probes, one could find it hard to discriminate between true loss versus a possible 
fusion of the two signals due to homolog chromosome pairing/ overlapping signals. However, by 
simultaneously scoring multiple probes for a chromosome, we could more readily distinguish 
FISH patterns consistent with whole chromosome loss from those resulting from coincident 
signals or possible structural alterations.  Our results showed that the frequencies of single 
signals for only one of the probes from a chromosomal set were among the highest seen for the 
autsomes evaluated (mean value of 5.68% for the pericentromeric probe). However, only two 
individuals showed loss of all 3 probes (probable monosomy) and the frequency was only 0.2% 
in each of these individuals. Similarly, for chromosome 9, the frequency of cells having a loss of 
both probes scored was significantly lower than the frequency of cells having a loss of just the 
centromeric or just the long arm probe. Collectively, this data suggests that the frequency of 
acquired chromosomal loss could be overestimated if one uses only one probe for quantifying 
hypoploidy. This technical risk seems especially important if the single probe being used in the 
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enumeration studies is one that is specific for heterochromatic, repeat sequences since these 
probes can coalesce, as a result of either homologous somatic pairing or heterochromatin 
aggregation. 
To study the phenomenon of homologous somatic pairing, Haaf et al (1986) added low 
concentrations of the cytidine analog 5-azacytidine (5-azaC) to the late S-phase of cultured 
lymphocytes. This treatment induces undercondensation of the heterochromatin in chromosomes 
1, 9, 15, 16, and Y. Thus, somatic pairing was preserved up to the metaphase stage, enabling the 
investigators to directly evaluate its occurrence with a microscopic examination. These 
investigators concluded that somatic pairing between the heterochromatic regions of homologous 
chromosomes is prefered over that between nonhomologous chromosomes. Our data for 
chromosome 9 are in agreement with the findings of their study in that we also observed the 
coincident localization (possible somatic pairing) of the centromeric regions of the homologs of 
chromosome 9 in lymphocyte interphase nuclei.  
While this phenomenon has not been previously evaluated in uncultured leukocytes for 
chromosome 17, investigators have observed the co-localization of signals in normal brain 
tissues (Arnoldus et al., 1991, Arnoldus et al 1989). These investigators reported that somatic 
pairing of chromosome 17 occurred in approximately 50% of brain nuclei (Arnoldus et al., 
1991). Furthermore, they observed somatic pairing frequencies of chromosome 1 to be higher in 
cerebellar samples (82%) compared to cerebral specimens, indicating that chromosome 1 pairing 
is a cell-type-dependent phenomenon (Arnoldus et al., 1989).  
Very few studies have been previously reported in which a multi-color banding approach 
was used to visualize the co-localization of probes (Iourov et al., 2006). This investigation was 
completed in post-mitotic cells of the human brain, and included an assessment of probes 
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localized to chromosomes 1, 9, 16, 18, and X. For the autosomes, the frequency of overlapping 
chromosomes ranged between 12.7% for chromosome 18 to 39.5% for chromosome 1. 
Overlapping was not observed as often for chromosome X, showing only 4% of cells that had 
overlapping signals. True aneuploidy (defined as a loss or gain of multiple signals from a 
chromosome) ranged between 0.2% to 0.5%, being lowest for chromosome 18 and highest for 
chromosome 9 in the two women and one man studied by these investigators. “True” aneuploidy 
(loss and gain) for the X chromosome was seen in 2% of cells obtained from two women.  
Homologous somatic chromosome pairing has also been observed, using quantitative 
FISH, in interphase nuclei of fetal skin, placenta, chorionic villi, with higher frequencies being 
seen in neurons of adult brain (Iourov et al., 2005). When benign and malignant prostates were 
studied using centromeric probes, combined with computer analysis of signal density for 12 
chromosomes, chromosome 17 showed high frequencies of somatic pairing in both samples 
types (Brown et al., 1994). In addition, this phenomenon has been observed in high frequencies 
for chromosomes 7 and 10 (about 40%) in follicular lymphoma cells (Atkin and Jackson., 1996). 
In this latter study the investigators showed that 96.6% and 93.1% of control lymphocytes 
obtained from normal individuals had two signals (probable diploid complement) for 
chromosome 7 and 10, respectively.  
In summary, the somatic pairing/aggregation of homologous chromosomes has been 
observed in a variety of tissues in humans, as well as other species, with different frequencies 
being noted between tissues in a chromosome-specific pattern. Our data, which was obtained 
from analyzing two chromosomes, showed that this phenomenon is likely to occur in uncultured 
blood cells and that it can contribute to a misinterpretaion and overestimation of age-related 
autosomal hypoploidy frequencies in uncultured blood cells. It is recommended that investigators 
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consider the impact that heterochromatin aggregation could have on assessment of the 
chromosomal attributes being studied and make careful selection of their probes for evaluation. 
Different approaches could be implemented to address this problem, including , but not limited 
to, the use of multiple probes to analyze a single chromosome  or a multi-color banding 
technique(s).  
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Chapter 5 
 
Discussion 
 
The first aim of this study was to determine the frequency of acquired chromosomal 
aneuploidy for 13 autosomes and the two sex chromosomes in uncultured blood interphase 
nuclei obtained from twin pairs aged between 7 and 80 years. An assessment of acquired 
aneuploidy frequencies showed that in men Y chromosome loss occurred with the highest 
frequency for the chromosomes analyzed and significantly increased with age, but no 
relationship was observed between chromosome X loss and age in men.  Chromosome 3 had the 
lowest frequency of acquired aneuploidy for the autosomes evaluated, but was also the only 
autosome that showed an increased frequency with age in men. Autosomes 7 and 11 had the 
highest frequencies of acquired aneuploidy from the subset of chromosomes scored in men. In 
women, X chromosome aneuploidy was correlated with age, with this correlation being present 
even among young females. The sex chromosome loss and age correlation findings that we 
determined using uncultured leukocytes were in agreement with the results of previous 
investigators who assessed acquired aneuploidy using conventional (G-banding or R-banding) or 
molecular  (primarily FISH) techniques (Jacob et al., 1963; Galloway and Buckton., 1978; 
Nowinski et al., 1990; Guttenbach et al., 1995; Catalan et al., 2000; Hando et al., 1994; Richard 
et al., 1994; Nath et al., 1995).  
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The second aim of this study was to determine if the rates of the observed acquired 
aneuploidy frequencies were more heavily influenced by genetic or environmental effects. Since 
the Y chromosome loss data had the largest sample size and the highest level of variability, these 
studies were completed only for this chromosome and male twin pairs. The twin study showed 
that Y chromosome loss was influenced by both genetic and environmental influences 
(multifactorial), but had a strong genetic basis; especially for the twins who were 40 or older. 
While this preliminary data is promising, it is important to note that a larger sample size should 
be analyzed to allow for more accurate conclusions to be made regarding the impact that 
heritable genetic and environmental factors have on the acquisition of chromosomal aberrations 
with age.  
During our analysis of acquired autosomal aneuploidy, some limitations of the interphase 
FISH technology were noted that served as the impetus for the completion of our third study aim, 
which was to assess the utility of using a multi-probe compared to single probe study design for 
assessing acquired aneuploidy frequencies. Unexpectedly, the frequency of nuclei having an 
apparent loss of signal for probes specific to heterochromatic repeat sequences was significantly 
higher than the frequency of losses seen using unique sequence probes. These studies 
underscored the importance of evaluating at least two probes for a chromosome before 
concluding that there was acquired monosomy. One possible explanation for the higher 
frequency of single signals for the centromeric probes is that these heterochromatic regions may 
undergo homologous somatic pairing and/or heterochromatin aggregation. Homolog 
chromosome pairing has also been observed in other studies of different tissues (Arnoldus et al., 
1989; Iourov et al., 2005; Iourov et al., 2006) and in high frequencies in different diseases 
(Brown et al., 1994; Atkin and Jackson., 1996). This phenomenon is well studied in Drosophila 
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because it occurs regularly and more frequently than in other organisms and can be more readily 
evaluated using different approaches (reviewed in Mckee., 2004). However, many of these 
approaches have not yet been applied to study human interphase cells. More studies should be 
conducted in human interphase cells in order to understand the mechanisms leading to somatic 
chromosomal pairing, and their role, if any, in developing diseases. One possibility is that this 
pairing could have an important role in chromosomal organization in interphase cells. 
Alternatively, it could reflect acquired epigenetic changes, which is an area that is emerging as 
an important factor related to late onset disease development (including but not limited to 
cancer). 
Another unanticipated result in this study was the observation of a 79 year-old man who 
showed very high frequencies of Y chromosome loss. After confirming that this level did not 
reflect a compromise of the probes’ hybridization efficiency, the frequency of loss observed in 
the uncultured blood was compared to the frequency of loss in his cultured lymphocytes and in 
his buccal tissue, the latter of which is also an uncultured preparation. A significantly higher 
frequency of loss was observed in uncultured blood (63%) compared to cultured lymphocytes 
(5.9%). Comparisons between the frequency of loss in uncultured blood and in buccal smears 
were also performed in three additional individuals.  Collectively, these studies showed a 
difference in the frequency of cells having a loss of signal between cultured and uncultured cells. 
This is a finding that has been noted by other investigators. A recent study was performed to 
investigate the effect of culturing on X chromosome aneuploidy in cultured and uncultured blood 
interphase cells. These investigators also observed significant differences in frequencies of 
aneuploidy with culturing, but noted that frequencies were higher in cultured lymphocyte 
interphases (Patton et al., 2010). Since X chromosome acquired aneuploidy has been observed 
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more frequently than Y chromosome acquired aneuploidy in cultured lymphocytes, more studies 
have been performed to investigate factors influencing the frequency of acquired X chromosome 
aneuploidy in human blood.  There are some gaps in the literature regarding chromosome Y 
aneuploidy in uncultured blood and the effect of culturing conditions on the frequencies of its 
aneuploidy. More attention should be given to studies of Y chromosome aneuploidy in 
uncultured blood since blood samples are easily obtained and especially since Y chromosome 
aneuploidy can be associated with some age-related diseases. Many of the previous studies of 
acquired aneuploidy were performed on cultured tissues before the development of FISH 
technology, the latter of which enables studying uncultured cells. Therefore, many conclusions 
were derived from studies of cultured cells, which could be different from the conclusions that 
could be derived from uncultured cells. Thus, studies of uncultured interphase cells are very 
powerful for understanding the frequencies of aneuploidy, organization of the chromosomes 
within the nucleus, and analyzing the frequencies of loss of the inactive X versus the active X in 
interphase cells. Interphase FISH would be very powerful; especially when more then one probe 
is used to analyze the same chromosome or when combined with more advanced technology 
such as quantitative FISH or multi-color banding.  
It is also important to recognize that differences in acquired chromosomal abnormality 
frequencies can be present between different tissues. Conclusions derived from one tissue may 
not be generalized to other tissues. For example, Y chromosome aneuploidy is observed in high 
frequencies in bone marrow samples obtained from older normal individuals (reviewed in Stone 
and Sandberg., 1995). The bone marrow is the main source of leukocytes. In our study of 
uncultured blood, chromosome Y aneuploidy was also observed but in a lower rate. However, 
we showed that it occurs in a higher frequency in uncultured cells compared to cultured 
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lymphocytes or buccal tissues.  Among the four individuals that we analyzed to compare Y 
chromosome loss in their buccal tissue to their uncultured blood, the two individuals who had 
higher frequencies of loss in their blood also showed higher frequencies of loss in their buccal 
tissues.  
Using different, but complementary, techniques to study the question of factors 
influencing the acquisition of chromosomal abnormalities with age within an individual (and 
conducted by the same research team) could allow for more clarity regarding this important 
question. Autosomal loss has been observed to increase with age in some studies that were 
conducted in metaphases (Jarvik et al., 1976; Wojda et al., 2006), and in MN and malsegregation 
studies (Bakou et al., 2002; Catalan et al., 1995). However, it was not observed in some other 
studies that were performed in metaphases (Ford and Russel., 1985; Nowinski et al., 1990), 
cultured interphases (Guttenbach et al., 1995) and uncultured interphases (Mukherjee et al., 
1996). Similarly, when different methods were used to investigate whether the inactive X 
chromosome is preferentially lost, different conclusions were derived. In addition, the frequency 
of X chromosome malsegregation exceeded the frequency of chromosome Y malsegregation in 
males, and micronucleation of the X chromosome was over-represented in males in all age 
groups. However, loss of chromosome X is rarely observed in uncultured blood interphase cells 
obtained from men. Therefore, an observation of increased frequencies of loss in cultured cells, 
MN studies, or in malsegregation studies, does not mean that increased loss will be observed in 
uncultured interphase studies. Uncultured blood interphase cells represent cells that are capable 
of surviving and circulating in the blood stream even after loosing a chromosome(s). However, 
cultured metaphases, MN, and malsegregation studies show frequencies of loss in actively 
dividing cells, the latter of which may experience a higher level of selective pressure.  
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In summary, the frequency of acquired aneuploidy appears to vary between tissues and 
individuals, with age, genetic and environmental effects on at least a subset of the chromosomes 
(particularly the sex chromosomes). Additional studies of this type could lead to better 
recognition of the normative values observed in humans and their relationship, if any, to the 
acquisition of age-related health problems. 
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